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Editorial on the Research Topic

New immunotherapy strategies and related therapeutic targets for
gastrointestinal malignancies

Malignancies in the gastrointestinal tract, including esophagus, stomach, colorectum,
pancreas and liver, are among the most common cancer types and pose severe health
challenges in patients. Current treatment options for gastrointestinal malignancies includes
surgery, chemotherapy, radiotherapy, and molecular therapeutic targets. Although
chemotherapy combined with molecular therapeutics are typically used for patients with
advanced stages of gastrointestinal malignancies, only limited benefits have been observed.
Cancer immunotherapy, including immune cell-based therapy, has been emerging as an
effective therapeutic approach for treating various cancers including gastrointestinal
malignancies. However, the potential targets for developing immunotherapy and
prognostic biomarkers that predict treatment response have not been extensively
investigated in gastrointestinal malignancies. This Research Topic comprises a series of
original research articles and state-of the-art reviews that focused on identifying and
summarizing the most promising targets for developing immunotherapies and identifying
potential biomarkers that may predict the patients that are likely to respond to
immunotherapeutic approaches in gastrointestinal malignancies.

The immunosuppressive tumor microenvironment (TME) can prevent response to
conventional therapies and various immunotherapies and lower tumor-infiltrating
lymphocytes (TIL) in cancer patients. Wegierek-Ciura et al. have demonstrated that
sequential peritumoral delivery of tumor antigen targeting dendritic cells in addition to
anti-IL1I0R antibody with the immunomodulatory methotrexate-hydroxyethyl starch
(HES-MTX) nanoconjugate unlocked an effective anti-tumor immune response with
inhibition of various immune suppressive cells including T regulatory cells and tumor
associated macrophages in a MC38 murine colon carcinoma model. This combination
treatment enhanced tumor infiltration of CD4, CD8 and NK cells into the tumors and
induced tumor regression. With the help of machine learning and a multiple omics
bioinformatics approach, Zhu et al. have attempted to provide a molecular characterization
for colon cancer and identified three clinically relevant subtypes and risk-related genes that
biologically contributed to tumor aggressiveness, recurrence and metastasis in colon cancer
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patients. The authors have also extended their findings and
confirmed differential expression status of PPARGCIA and
GARBD genes in colon cancer specimens of patients and
suggested these genes as potential therapeutic targets. Adaptation
of a watch and wait (WW) strategy can be recommended for rectal
cancer patients after achieving clinical complete response (cCR)
treated with neoadjuvant chemoradiotherapy. This WW strategy
can provide survival benefits similar to patients who underwent
surgery, but it would prevent surgical trauma and preserve organ
function in these patients. A retrospective study from Yang et al.
compared the survival outcomes of IMMR/MSI-H locally advanced
rectal cancer patients treated with neoadjuvant immunotherapy
(anti-PD1 antibodies) who underwent surgery with confirmed as a
pathologic complete response (pCR) versus treated patients opted
for a WW strategy after achieving a cCR or near-cCR. After a
median follow-up for 25 months, patients from both arms were free
from local recurrence and distant metastasis with improved
survival, suggesting that these patients may benefit from the WW
strategy and surgery related complication can be prevented. The
findings of this study need to be further validated and confirmed in
longer follow-studies and prospective trials.

The reduced or loss of expression of SLC4A4 has been shown to
promote cancer cell proliferation and metastasis in renal cancer cell
carcinoma. Rui et al. explored the role of SLC4A4 in colorectal cancer
and found that SLC4A4 downregulation was positively correlated with
microsatellite instability (MSI) and associated with poor prognosis in
colorectal cancer. This study suggests that SLC4A4 may be a potential
prognostic biomarker with MSI to guide treatment for colorectal
cancer. When comparing colorectal patients with dMMR/MSI-H,
patients with pMMR/MSS may not achieve satisfactory response to
conventional therapies and immune checkpoint inhibitors.

It is well known that combination therapy approach can combat
cancer more effectively, reduce side effects and resistance and
improve treatment outcomes in patients. Chen et al. in a review,
highlighted the molecular aspects and recent advancements of
various immunotherapy approaches and their potential synergistic
effects with chemotherapy, radiotherapy and preoperative strategies
for colorectal cancer. The authors listed various clinical trials that
investigated these combination therapy approaches and examined
their efficacy and safety in colorectal cancer patients. Immune
checkpoint signaling activation can prevent anti-tumor CD4 and
CD8T cell mediated immune responses in cancers. Over expression
of the immune checkpoint protein CD276 (B7-H3) in cancer cells
and tumor vasculature has been associated with tumor
aggressiveness in pancreatic, hepatic and gastric cancers. Lutz et al.
has developed a novel IgG bispecific antibody CC-3 (B7-H3xCD3
specificity) and confirmed its specific binding to B7-H3 expressed on
pancreatic, hepatic and gastric cancer cells. This CC-3 bispecific
antibody was able to inhibit cancer cell proliferation and induced
CD4 and CDS8T cell activation, proliferation, functionality and
expansion of memory phenotypes, highlighting the therapeutic
applicability of a CC-3 bispecific antibody to be further evaluated
in preclinical and clinical studies.

Hepatic arterial infusion chemotherapy (HAIC) has been
shown to improve the prognosis of patients with advanced liver
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cancer which opens a new opportunity to explore the combination
strategy of immunotherapy and targeted agents with HAIC. Zhang
et al. reported that combination of immunotherapy and molecular
targets with HAIC increased tumor regression and surgical
conversion rates in primary unresectable liver cancer patients. Lu
et al. showed that the combination of the naturally occurring
bioactive compounds quercetin, kaempferol, licochalcone A,
naringenin, and formaronetin treatment were able to alter various
intracellular signaling proteins (PI3K-AKT, p53 and VEGF) in the
TME and inhibit progression of colorectal cancer in a mouse model.
This treatment also inhibited PD-1 expression on T cells and
increased cytotoxic activity of T cells leading to enhanced anti-
tumor response in a colorectal cancer mouse model. Wang et al.
reported that downregulation of SLCO1B1 as a prognostic signature
and predicated overall survival of patients with hepatocellular
carcinoma (HCC). Notably, authors have observed that the over
expression of SLCO1B1 was able to inhibit the proliferation and
migratory and invasive potential of HCC cells.

Oxidative stress and its associated signaling pathways have been
explored to contribute to progression of gastric cancer and
metastasis. Various oxidative stress-specific therapeutic targets
and agents may be a promising strategy in combination with
immunotherapy to effectively modulate the anti-tumor immune
response and suppress pro-tumorigenic signaling pathways in
gastric cancer (Liu et al.). Zhang et al. suggest that the prognostic
nutritional index may be used as a prognostic biomarker of
treatment outcomes in patients treated with immune checkpoint
inhibitors for gastrointestinal malignancies. Immune cell-based
therapies directed to target highly immunogenic tumor antigens
will be critical for triggering stronger anti-tumor immunity. Ai et al.
comprehensively summarized various cancer/testis antigens and
their expression status in digestive tract cancers and highlighted
potential immune cell-based therapies, targeted antibodies and an
oncolytic virus-based therapy approach that can be effectively
utilized to harness the anti-tumor immune response. Cancer risk
related gene signatures and biomarkers for early esophageal
squamous cell cancer (ESCC) diagnosis was explored by Ren
et al. and found elevated expression of F2RL2 and reduced
expression of SLC4A9, EXPH5, and MAGEC3 in tumors. The
findings of this study suggest that these gene signatures may
predict response to immunotherapy in patients with ESCC.

In summary, this Research Topic addressed new strategies and
tumor specific targets to develop an effective immunotherapy
including targeted antibodies, dendritic cell and adaptive cell-
based therapies to harness the anti-tumor immune response in
gastrointestinal malignancies. I hope that this Research Topic will
provide new concepts for readers to further explore the potential
role of these biomarkers in predicting treatment outcomes and new
immunotherapies to treat gastrointestinal malignancies.

Author contributions

GR: Conceptualization, Data curation, Writing — original draft,
Writing - review & editing.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1182299
https://doi.org/10.3389/fonc.2023.1179120
https://doi.org/10.3389/fimmu.2023.1269341
https://doi.org/10.3389/fimmu.2023.1163136
https://doi.org/10.3389/fimmu.2023.1127349
https://doi.org/10.3389/fimmu.2023.1127349
https://doi.org/10.3389/fimmu.2023.1235575
https://doi.org/10.3389/fimmu.2023.1235575
https://doi.org/10.3389/fimmu.2023.1204338
https://doi.org/10.3389/fimmu.2023.1139589
https://doi.org/10.3389/fimmu.2023.1219929
https://doi.org/10.3389/fimmu.2023.1190883
https://doi.org/10.3389/fimmu.2023.1199040
https://doi.org/10.3389/fimmu.2023.1199040
https://doi.org/10.3389/fimmu.2024.1389781
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ramamoorthi

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author declares that he was an editorial board member of
Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Frontiers in Immunology

10.3389/fimmu.2024.1389781

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1389781
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY

Qun Zhao,

Fourth Hospital of Hebei Medical
University, China

REVIEWED BY
Suxue Tan,
Chongging Medical University, China
Taohua Yue,
First Hospital, Peking University, China
Hui Li,
Capital Medical University, China
*CORRESPONDENCE
Sujie Zhu
zhusujie@bjmu.edu.cn
Weikaixin Kong
kong.weikaixin@helsinki.fi
Xuelong Jiao
jiaoxuelong@163.com

"These authors have contributed equally to
this work

SPECIALTY SECTION

This article was submitted to
Cancer Immunity

and Immunotherapy,

a section of the journal
Frontiers in Immunology

RECEIVED 11 January 2023
ACCEPTED 27 February 2023
PUBLISHED 20 March 2023

CITATION
Zhu J, Kong W, Huang L, Bi S, Jiao X and
Zhu S (2023) Identification of
immunotherapy and chemotherapy-related
molecular subtypes in colon cancer by
integrated multi-omics data analysis.

Front. Immunol. 14:1142609.

doi: 10.3389/fimmu.2023.1142609

COPYRIGHT
© 2023 Zhu, Kong, Huang, Bi, Jiao and Zhu.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TvpPE Original Research
PUBLISHED 20 March 2023
Dol 10.3389/fimmu.2023.1142609

Identification of immunotherapy
and chemotherapy-related
molecular subtypes in colon
cancer by integrated muilti-
omics data analysis

Jie Zhu'***, Weikaixin Kong****, Liting Huang?, Suzhen Bi?,
Xuelong Jiao** and Sujie Zhu™*

*Key Laboratory of Birth Regulation and Control Technology of National Health Commission of
China, Shandong Provincial Maternal and Child Health Care Hospital Affiliated to Qingdao University,
Jinan, Shandong, China, ?Institute of Translational Medicine, The Affiliated Hospital of Qingdao
University, College of Medicine, Qingdao University, Qingdao, China, sInstitute for Molecular
Medicine Finland (FIMM), HIiLIFE, University of Helsinki, Helsinki, Finland, “Department of Molecular
and Cellular Pharmacology, School of Pharmaceutical Sciences, Peking University Health Science
Center, Beijing, China, *Gastrointestinal Surgery Department, The Affiliated Hospital of Qingdao
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Background: Colon cancer is a highly heterogeneous disease, and identifying
molecular subtypes can provide insights into deregulated pathways within tumor
subsets, which may lead to personalized treatment options. However, most
prognostic models are based on single-pathway genes.

Methods: In this study, we aimed to identify three clinically relevant subtypes of
colon cancer based on multiple signaling pathways-related genes. Integrative
multi-omics analysis was used to explain the biological processes contributing to
colon cancer aggressiveness, recurrence, and progression. Machine learning
methods were employed to identify the subtypes and provide medication
guidance for distinct subtypes using the L1000 platform. We developed a
robust prognostic model (MKPC score) based on gene pairs and validated it in
one internal test set and three external test sets. Risk-related genes were
extracted and verified by qPCR.

Results: Three clinically relevant subtypes of colon cancer were identified based
on multiple signaling pathways-related genes, which had significantly different
survival state (Log-Rank test, p<0.05). Integrative multi-omics analysis revealed
biological processes contributing to colon cancer aggressiveness, recurrence,
and progression. The developed MKPC score, based on gene pairs, was robust in
predicting prognosis state (Log-Rank test, p<0.05), and risk-related genes were
successfully verified by qPCR (t test, p<0.05). An easy-to-use web tool was
created for risk scoring and therapy stratification in colon cancer patients, and
the practical nomogram can be extended to other cancer types.
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Conclusion: In conclusion, our study identified three clinically relevant subtypes
of colon cancer and developed a robust prognostic model based on gene pairs.
The developed web tool is a valuable resource for researchers and clinicians in
risk scoring and therapy stratification in colon cancer patients, and the practical
nomogram can be extended to other cancer types.

KEYWORDS

bioinformatics, colon cancer, machine learning, immune therapy, multiple omics

1 Introduction

Colon cancer is a disease with extensive interpatient
heterogeneity, both molecularly and histopathologically, which
cannot be resolved by current clinical methods. Despite a
continuous refinement to the UICC tumor, node, metastasis
(TNM) staging system to measure disease extent and define
prognosis, disease outcome still varies considerably even among
patients with the same tumor stage. Therefore, new factors that can
more precisely stratify patients into different risk categories are
clearly warranted (1, 2).

In this age of advanced molecular-profiling technologies, cancer
molecular subtype discovery has become one of the more common
exercises utilizing transcriptomic data on human tumors. Molecular
subtypes can deepen our understanding of cancer as a collection of
diseases rather than a single disease. Molecular subtypes can
provide insights into the pathways that appear deregulated within
tumor subsets, which may suggest therapeutic opportunities, as well
as being indicative of which pathways, as characterized in the
experimental setting, would appear particularly relevant in the
human disease setting (3).

As a highly heterogeneous disease, colon cancer involves DNA
repair defects (4, 5), DNA methylation (6, 7), chromosome
instability (8), and other molecular pathogeneses during disease
development. Biomarkers have been used as common tools for
disease detection and prognosis management in colon cancer
patients. Therefore, the determination of molecular changes in
colon cancer patients has become a hotspot in colon cancer
research (9).

Recent attempts to resolve colorectal cancer (CRC)
heterogeneity and improve prognosis include molecular
subclassification and characterization based on transcriptional
profiling (10, 11). The consensus molecular subtype (CMS)
classification stratifies CRC into four subtypes CMS 1-4, each
with distinct biological and histopathological features. Colorectal
cancer is a molecularly heterogeneous disease. Responses to
genotoxic chemotherapy in the adjuvant or palliative setting vary
greatly between patients, and colorectal cancer cells often resist
chemotherapy by evading apoptosis (12, 13). The development of
cancer was related to multiple signaling pathways, including the cell
cycle, immunity, aging, metabolism, autophagy, and so on. Until
recently, most constructed prognostic models were based on single-
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pathway genes. Herein, we identified three clinically relevant
subtypes of colon cancer based on multiple prognostic cancer
signaling pathway-related genes. Integrative multi-omics analysis
is used to explain the biological processes contributing to colon
cancer aggressiveness, recurrence, and progression. We developed a
classifier to identify the subtypes of patients and predicted
medication guidance for each subtypes using the L1000 platform
(14). Finally, we established a prognostic model system based on
gene pairs using expression data and further validated it in one
internal test set and three external test sets.

2 Methods

2.1 Colon cancer dataset source
and preprocessing

The workflow of our study is shown in Supplementary Figure
S1A. Public gene-expression data and full clinical annotation were
obtained from the Gene-Expression Omnibus (GEO) and The
Cancer Genome Atlas (TCGA) databases. Patients without
survival information were removed. In total, three colon cancer
cohorts (TCGA-COAD, GSE39582, and GSE38832; the data
information is in Supplementary Table S1) were gathered in this
study for further analysis. TCGA-COAD was downloaded from the
Genomic Data Commons (GDC, https://portal.gdc.cancer.gov/).
The somatic mutation data were acquired from TCGA database.
The genomic instability (GI) and somatic copy-number alterations
(SCNAs) of TCGA were downloaded from a previous study (15)
(Supplementary Table S3).

2.2 Unsupervised clustering for 66
prognostic genes

Firstly, we searched the articles using the keywords “colon
cancer” and “prognosis” to obtain the genes related to the
prognosis of colon cancer and then identified 66 prognostic genes
using univariate Cox regression. Unsupervised clustering was then
used to identify three subtypes of colon cancer patients based on the
expression of these 66 prognostic genes. We used the
ConsensuClusterPlus package to perform the above steps, and
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1,000 repetitions were conducted to guarantee the stability of
clustering. Partitioning around medoid (PAM) method and
Euclidean distance were used to quantify the similarity of gene
expression profiles between the patients, and the area under the
curves of the cumulative distribution function (CDF) was used to
find the optimal number k of clusters.

2.3 PD1/CTLA4 response prediction

To predict the immunotherapy response of patients with
distinct subtypes of breast cancer, we downloaded the
immunotherapy prediction information from the TCIA database
(https://tcia.at/home), which provides results of comprehensive
immunogenomic analyses of next-generation sequencing data
(NGS) for 20 solid cancers from TCGA and other data sources.
The immunophenoscore (IPS) can be used to predict the response
to the immunotherapy agents PD1 and CTLA4 (Supplementary
Table S6).

2.4 Gene-set variation analysis and
functional annotation

To investigate the differences in biological processes between
three subtypes of colon cancer, we performed gene-set variation
analysis (GSVA) using “GSVA” R packages. GSVA, a non-
parametric and unsupervised method, is commonly used to
estimate variation in pathway and biological process activity in
expression data. The gene sets of “c2.cp.kegg.v6.2.symbols” were
downloaded from the MsigDB database for running GSVA analysis.

2.5 Estimation of TME cell infiltration

We used the single-sample gene-set enrichment analysis
(ssGSEA) algorithm to quantify the relative abundance of each
cell infiltration in colon cancer tumor microenvironment (TME).
The gene set for marking each TME infiltration immune cell type
was obtained from the study of Charoentong (15), which stored
various human immune cell subtypes including activated CD8 T
cell, activated dendritic cell, macrophage, nature killer T cell,
regulatory T cell, and so on. The enrichment scores calculated by
ssGSEA analysis were utilized to represent the relative abundance of
each TME infiltration cell in each sample. We used the limma,
GSEABase, ggpubr, and reshape2 packages in R in this step.

2.6 Feature selection of each subtype of
colon cancer compared with normal colon
and drug analysis

To identify the marker genes for each subtype of colon cancer
patients, the empirical Bayesian approach of the limma R package
was applied to determine differentially expressed genes (DEGs)
between cluster A/B/C and normal colon, respectively. The criteria
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for determining DEGs were set at an adjusted p-value of< 0.01. At
the same time, weighted gene co-expression network analysis
(WGCNA) was used to identify the related genes of subtypes of
cancer (RG). Next, the protein-protein interaction (PPI) network
was further used to screen the hub genes of the intersection of DEGs
and RGs using String and Cytoscape software. Maximal Clique
Centrality (MCC) was used to screen hub genes (the most
connected genes). After obtaining the most connected genes, they
were used to perform L1000 to screen drugs for each subtype. The
final drug screening criteria of L1000 were set as score< —0.90.

2.7 Prognostic model building

Firstly, TCGA dataset was divided into a training set and an
internal test set. Among the 66 prognostic genes, we paired these
genes to address the batch effect in the training set. If the expression
of gene A > the expression of gene B, then the feature “A|B” is
marked as 1, otherwise, it is marked as 0, as shown in Eq. (1).

Feature: "Gene A | Gene B”

1, Expression(A) > Expression(B)
- 0, Expression(A) < Expression(B)

In addition, if the expression level of gene A in all the samples is
higher than the expression of gene B, then Gene A|Gene B is
marked as 1 in all the samples. Such features do not contain
classification information, and therefore we delete the gene pairs
whose frequency of the “1” label in the training set is less than 0.2 or
greater than 0.8. Next, univariate Cox regression and LASSO
regression were used to reduce the number of these paired gene
features in the training set. Finally, multivariate Cox regression was
used to construct the multiple key cancer processes related to gene-
pair score (MKPC). The “glmnet,” “survival,” and “survminer”
packages in R were used in the above analysis process.

2.8 Classifier constructing

To make genotyping available to other researchers, we
compared two methods based on the expression of the 66
prognostic genes. (1) We used the center points of the three
subtypes in the training set (TCGA-COAD) (partitioning around
medoid clustering method) to classify the new samples. The label of
each new sample depends on the nearest center point of the sample.
(2) We use the training set (TCGA-COAD) to build a multi-layer
perceptron model (MLP) to label new samples. This MLP model
contains three layers, which have 16, 64, and 64 neurons,
respectively. We first used 10-fold cross-validation (CV) on the
training set to perform a grid search to find the optimal model
parameters for accuracy. The parameters in grid search are:
“activation” is one of “identity,” “logistic,” “tanh,” or “relu”;
“alpha” is one of 0.00001, 0.0001, 0.001, 0.01, and 0.1; “solver” is
one of “Ibfgs,” “sgd,” or “adam.” The MLP model with the highest
accuracy in CV is used to predict the test set.
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Accuracy = N(patients predicted correctlty)/N(all patients)

The above methods (1) and (2) were used to make predictions
in the test set. We conducted a survival analysis (log-rank test)
based on the prediction results. The method with a smaller p-value
was used to build a website (https://sujiezhulab.shinyapps.io/coad/)
by using the shiny package in R, which can be used by
other researchers.

2.9 Prognostic model validation

To investigate the prognostic performance of the MKPC score,
we tested it in four colon cancer patient cohorts (three external sets
and one internal set). We then calculated the area under the curve
(AUCQ) of the receiver operating characteristic (ROC) for overall
survival (OS) time prediction. The models were evealuated using
their 1-, 3-, and 5-year AUC values.

2.10 Tumor mutation burden analysis

The mutation data were downloaded from the GDC Data Portal
(https://portal.gdc.cancer.gov/) and intersected with the samples
with expression data. After that, we obtained 397 patient samples
containing both expression data and mutation data. For these
patients, we used the “maftools” package in R to plot a waterfall
chart and mutation gene cloud chart, obtain differential mutated
genes (DMGs) between different subtypes of colon cancer, and
calculate the tumor mutation burden (TMB) value by finding out
the number of gene mutations per million bases. The Wilcoxon test
was used to compare the TMB values of the MKPC high- and low-
risk groups.

3 Results

3.1 Construction of three molecular
subgroups of colon cancer using
prognostic genes

Cancer is a systemic, complex disease related to abnormalities
in multiple signaling pathways. In this study, we searched PubMed
for studies related to the prognosis of colon cancer and obtained 183
genes from different signaling pathways (Supplementary Table S2).
Next, we identified 66 prognostic genes (p< 0.05; Supplementary
Table S3) using univariate Cox regression in the training set for
further analysis.

Based on these 66 prognostic genes, we attempted to classify
COAD patients into different subtypes. The R package,
ConsensusClusterPlus, was used to classify patients using
unsupervised clustering, resulting in 217 cases in cluster A, 188 cases
in cluster B, and 43 cases in cluster C (Figures 1A, B). Next, prognostic
analysis for the three subtypes revealed a particularly prominent
survival advantage in cluster B (Figure 1B). To examine the three
subtypes, we also used the GEO dataset (GSE39582) to do clustering.
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As shown in Figures 1C, D, we could also get similar results based on
the 66 prognostic genes. Interestingly, we found that the prognosis of
the three subtypes follows the same trend, with cluster B having better
survival than the others (Figures 1B, D). This demonstrated that three
distinct subtypes did exist in colon cancer.

To explore the survival characteristics of colon cancer, we
further examined the characteristics of 66 prognostic genes in
different subtypes and found that cluster B was characterized by
increased expression of prognostic favorable genes and low
expression of adverse prognostic genes. On the contrary, cluster C
was characterized by the opposite results of cluster B (Figure 1E,
yellow box).

Dysfunction of genes in the DNA mismatch repair pathway
reduces the ability of cells to repair DNA replication errors and
thereby leads to microsatellite-instable (MSI) subtypes of colon
cancer (16). The patients with MSI have a higher somatic mutation
burden and immune infiltration in the TME compared to their
microsatellite-stable (MSS) counterparts (17). Immune checkpoint
genes such as CTLA4 and CD274 are more highly expressed in MSI
than in MSS patients (18-20). Apart from high sensitivity to
immunotherapy, MSI status itself is a good prognostic marker for
CRC patients subject to conventional treatment. MSI patients
exhibit less clinical aggressiveness and a longer survival time than
MSS patients. Further research showed that tumors with MSI
subtype were mainly characterized by clusters B and C, while
tumors with the MSS subtype were characterized by cluster A,
and that also indicated cluster B/C patients may be suitable for
receiving immunotherapy (Figure 1F).

The subtypes based on the 66 prognosis genes were significantly
sociated with various clinicopathological parameters; cluster C was
enriched for T3 tumors and high-grade tumors (Figure 2A). Analysis of
the biological processes associated with distinct subtypes revealed
important patterns. Cluster B was associated with cell cycle, DNA
replication, mismatch repair, P53 signaling pathway, and apoptosis.
Post-translational modifications of the p53 signaling pathway play an
important role in cell cycle progression and stress-induced apoptosis
(21). P53-mediated apoptosis may account for the favorable prognosis
of cluster B (Figure 2A, blue box). By contrast, cluster C tumors were
mostly associated with Mapk, Erbb, Wnt, Notch, and Vegf signaling
pathways (Figure 2A), and this signaling pathway may play an
important role in drug resistance (22-24), which may cause a worse
prognosis for cluster C. Additionally, cluster A was intermediate
between clusters C and B, which is consistent with the prognosis.

We estimated the presence of immune cells by deconvolution of
RNA-Seq data (25). To our surprise, cluster C was prominently
related to the immune biological process (Figure 2A, yellow box).
The results from GSVA analysis revealed that cluster C was
remarkedly enriched in stromal and carcinogenic activation
pathways such as ECM receptor interaction and TGF beta
signaling pathway, and it was also remarkedly rich in immune
cell function activation, such as CD8+ T cell, antigen processing and
presentation, inflammation-promoting, and IFN response. Previous
studies demonstrated that tumors with immune-excluded
phenotypes also showed the presence of abundant immune cells,
while these immune cells were retained in the stroma surrounding
tumor cell nests rather than penetrating their parenchyma (26).
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Genomic instability (GI) and somatic copy-number alterations
(SCNAs) are important in increasing the adaptive potential of the
tumor and have been linked with a poor prognosis (27). The SCNA
score is a representation of the level of SCNAs occurring in a tumor.
For each tumor, the SCNA score was calculated at three different
levels: focal, arm, and chromosome level, and the overall score was
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calculated from the sum of all three levels (15). We found that
cluster A tumors were remarkedly enriched with high SCNA and
high GI (Figure 2A, red box; Supplementary Table S4).

We then used the CIBERSORT method, a deconvolution
algorithm using support vector regression for determining the
immune cell type in tumors, to compare the component
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FIGURE 2

TME cell infiltration characteristics and immunotherapy prediction in distinc

t three subtypes of colon cancer. (A) Heat map of molecular

characteristics in three clusters in TCGA-COAD cohort. The four regions (rows) of the heat map respectively represent key tumor processes, tumor-

related pathways, immune-related processes, chromosome stability, and so

matic cell copy number. (B) Analysis of immune cell content in TCGA

COAD cohort. The one-way ANOVA test was used for comparison between different groups. ***p < 0.001, ns p > 0.05. (C) Heat map of hot or cold
tumor marker genes in TCGA-COAD cohort. (D-F) The relationship between immunotherapy-related scores and patient subtypes in TCGA-COAD
cohort. The Wilcoxon test was used for comparison between different subtypes.

differences of immune cells among the three subtypes of colon
cancer. We found that there are significant differences in the
composition of TME cell types between the three subtypes of
colon cancer (Figure 2B), which suggested that the three subtypes
have distinct TME infiltrating-cell types of tumors. Based on the
above analyses, we were surprised to find that three subtypes of
colon cancer had significantly distinct TME cell infiltration
characterization. Cluster A was classified as an immune-desert

Frontiers in Immunology 13

phenotype, characterized by the suppression of immunity. Cluster
B was classified as an immune-inflamed phenotype, characterized
by adaptive immune cell infiltration and immune activation. Cluster
C was classified as an immune-excluded phenotype, characterized
by innate immune cell infiltration and stromal activation
(Figure 2B). Interestingly, we found that an immune-excluded
state prejudices the survival of colon cancer patients, while
immune-inflamed state is a particularly prominent survival
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advantage in cluster B. To verify the result in TCGA cohort, we next
analyzed the TME cell infiltration in GSE39582 (Supplementary
Figures S2A, B). Again, consistent with the result in TCGA cohort,
the immune-inflamed phenotype (cluster B) is preferred for
survival (Figure 1D).

The above results showed again that three subtypes of colon cancer
have distinct TME landscapes. Predicting the response to
immunotherapy based on the characterization of TME cell
infiltration is a key procedure for increasing the success of existing
immunotherapy and exploiting novel immunotherapeutic strategies
(28, 29). Therefore, we further predicted the immunotherapy of three
subtypes of colon cancer. We found that cluster B had a lower TIDE
score and more response to PD1/CTLA4, which indicated that cluster
B was more likely to benefit from the immunotherapy. These results
indicated that cluster B is suitable for immunotherapy (Figures 2C-F;
Supplementary Tables S5, S6).

3.2 Characteristics of three subtypes of
colon cancer in tumor somatic mutation

Clinical trials as well as preclinical studies have revealed that
patients with high somatic TMB have an enhanced response, long-
term survival, and durable clinical benefit when treated with
immune checkpoint blockade therapy. We then analyzed the
distribution differences of somatic mutation between three
subtypes of colon cancer in TCGA-COAD cohort using the
maftools package. The TMB quantification analyses confirmed
that cluster B was markedly correlated with higher TMB
(Figure 3A), which confirmed again that cluster B may be more
easily responsive to immune checkpoint blockade therapy.

As shown in Supplementary Figures S3A, B, cluster A presented
a lower tumor mutation burden than clusters B and C, with the
average rate of the top 15 mutated genes being 28.3% versus 34.6%
and 32.9%, respectively. We also found that cluster A was
characterized by a high TP53 mutation, cluster B by TTN
mutation, and cluster C by APC mutation (Supplementary
Figures S3D-F). To further investigate the mutation genes of each
subtype of colon cancer, we determined three subtype-related
mutations using the maftools package. Given that gene mutation
is often related to survival, we analyzed the connection between
these mutation genes and survival using the TIMER database
(Supplementary Tables S7-S10). Furthermore, seven genes were
found to be related to survival (ATXN2L, IGSF3, MYO5B,
PTCHD2, SLEN5, ENPEP, and MAP3K2, p< 0.05, Figures 3B-H;
Supplementary Table S7), and all of these seven genes had a high
mutation rate in cluster C. These findings indicated that these
adverse prognostic gene mutations may also contribute to cluster
C’s worse prognosis. Considering that cluster C was characterized
by immune activation, we further explore the connection between
survival-related gene mutation and CD8+ T-cell infiltration. We
found that MAP3K2, ATXN2L, BAZ1B, and PARP14 mutations
resulted in high CD8+ T-cell infiltration in tumors (Supplementary
Figures S3G-J). Our observation above supported our hypothesis
that greater TME cell infiltration may result in the worst prognosis
for cluster C patients.
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Mutational patterns in DNA are derived from mutational
processes that result in distinct biological changes occurring during
tumorigenesis. Therefore, we examined the pathways in which the
mutation gene was enriched in distinct subtypes. We chose a mutation
gene that ranks in the top 200 in each of the subtypes, and then ran a
KEGG enrichment analysis on these genes. To our surprise, the
mutation genes in cluster C were enriched in signaling pathways
related to lipid metabolism compared with clusters A and B, such as
ABC transporters and cholesterol metabolism (Figures 31-K). Based on
studies that show that limiting fatty acid availability can control cancer
cell proliferation (30), cluster C patients may have lipid disorders,
which may result in a poor survival rate.

3.3 Classifier for predicting patient
subtypes and drug screening

The above results showed that there are three subtypes of colon
cancer patients based on the 66 prognostic genes, and cluster B has a
prominent survival advantage over cluster A/C, while cluster C has
more TME cell infiltration, indicating that these three subtypes have
different transcriptome features. Therefore, we hypothesized that
patients of different subtypes should be treated differently. Pursuing
this, based on the expression of 66 prognostic genes, we compared
two different methods, as described in the Methods section. Method
(1) was based on unsupervised learning, and method (2), which is
an MLP classifier, was based on supervised learning (Figure 4A). In
cross-validation, the MLP model achieves the highest accuracy
(0.919; Supplementary Table S11) in the training set when
“identity” = “logistic,” “alpha” = 0.01, and “solver” = “Ibfgs.” As a
result, we used these parameters to set up the MLP model using the
whole training set. In the survival curves of the test set (GSE39582),
the labels in method (1) cannot distinguish survival states (p =
0.071, log-rank test, Figure 4B), but the MLP model can distinguish
the survival states significantly (p = 0.016, log-rank test, Figure 4C),
which is consistent with the result in the training set (Figure 1D).
Therefore, this MLP model is used to establish a web app (https://
sujiezhulab.shinyapps.io/coad/) that can be used easily by
other researchers.

Next, we compared each subtype of colon cancer to normal
colon samples and obtained DEGs. We used the WGCNA and PPI
to further select hub genes related to each subtype based on these
DEGs (Supplementary Figures S4-S6; Supplementary Table S12-
S14), and these hub genes were used as L1000 input data (https://
clue.io/), a tool used to screen drugs that can reverse gene
expression from a disease state to a healthy state. In addition,
these drugs were regarded as effective drugs for the special disease.
In our research, drugs with CMap connectivity (tau) score of<—0.9
were selected and included in our recommendation list (Figure 4D).
Herein, we used up/down gene signatures to obtain a drug list as
adjuvant therapy. Furthermore, we observed that there are some
drugs with anti-inflammation effects for cluster B/C, which is
consistent with the fact that cluster B/C contain more
macrophages (Supplementary Tables S15-517).

To further explore the signaling pathways of the DEGs in
cluster A/B/C, we performed KEGG enrichment analysis
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(Figure 4E) and found that cluster A/B/C was enriched in some
similar signaling pathways, such as the IL-17 signaling pathway and
the PPAR signaling pathway. There are also some cluster-specific
enriched signaling pathways related to immune and lipid
metabolism. Cluster A was associated with the Wnt signaling
pathway; cluster B was enriched in tyrosine metabolism; and
cluster C was characterized by inflammation signaling pathways
such as cell adhesion and ECM-receptor interaction, which
supports the results that the drugs for cluster C were anti-
inflammatory. Notably, cluster C was also enriched in the Wnt
signaling pathway, which indicated that cluster C has a double
poorer prognosis feature (Figure 4E). Recalling our observations of
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drugs for the distinct cluster, drugs related to lipid metabolism all
existed in three subtypes, which is consistent with our results that
the PPAR signaling pathway was enriched in all subtypes.

3.4 Construction of MKPC score for
prognostic classification of colon
cancer patients

Given our observation of distinct prognosis of three subtypes
based on 66 prognostic genes, it was notable that the expression of
66 prognostic genes differed significantly among the three subtypes.
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Therefore, we explored the ability to distinguish prognosis based on
66 prognostic genes in Pan-cancer. To our surprise, when the
cancers were divided into three subtypes, there were 15 kinds of
cancer showing distinct prognoses, which indicated that these genes
were important for cancer patients’ survival (p< 0.05, Wilcoxon test,
Supplementary Figures S7A-O).

To establish a robust prognostic model and avoid the batch
effect, the 66 prognostic genes were used for gene pairing, yielding a
total of 2,145 (66 * 65/2) gene pairs, 357 of which have a frequency
of “gene A > gene B expression” between 20% and 80% in the
training set and are considered to have sufficient information to
predict survival state. We then obtained 22 gene pairs using
univariate Cox regression (Supplementary Table S18). In
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multivariate penalized LASSO regression, 13 gene pairs were
selected for survival prediction in the training set. Finally, using
multivariate Cox regression, eight gene pairs were identified as
being associated with survival difference (Supplementary Table
§16), and these formed the MKPC score; these eight gene pairs
included six risk factors (HR >1) and two protective factors (HR< 1)
(Supplementary Figure S8; Supplementary Table S19). Therefore,
the MKPC score is calculated as follows:

Sum = 1.028064 * MPP2|CPT1C - 1.09876 * PPARGCIA|
CD36 + 0.573201 * NOG|CD1B + 0.661607 * GAMT|CCL22 —
0.57286 * GSRIMAGEF1 + 0.593767 * NGF|CD1B + 0.927301 *
CRIP2|ACTRS

MKPCscore = ™™
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To investigate the prognostic performance of the MKPC score,
we tested it in four colon cancer patient cohorts (three external test
sets and one internal test set). We used the median value of the
MKPC score in the training set (1.0544) as the cutoft to separate the
high- and low-risk groups in these test cohorts. Notably, the MKPC
score showed a wide prognostic value in distinguishing the survival
status of colon cancer patients across all cohorts (Figures 5A-H),
despite differences in patient characteristics and transcriptomic
platforms. Consistently, the high-risk group had a worse
prognosis in all cohorts (Figures 5A-D). These results suggest
that the paired MKPC score is a robust prognostic factor in colon
cancer. Interestingly, we tested the model in Pan-cancer and
observed that the MKPC score has a good performance in
distinguishing the survival status of the READ (Supplementary
Figures S8D, E), which indicated that the MKPC score was related
to bowel cancer.

To make the MKPC score more easily usable by other researchers,
we built an easy-to-use nomogram based on the MKPC score
(Supplementary Figure S9). We used the GSE39582 dataset for
nomogram construction and validation, which contains various types
of clinical information. The GSE39582 cohort was divided into two
parts: training set (n = 258) and test set (n = 137). The training set was
used for independent prognostic analysis. We further used the training
set to establish the nomogram among the independent risk factors and
used AUC-ROC:s to verify its performance in the test set. To make this
nomogram available to other researchers, including those without
programming skills, it was deployed on the server using the “shiny”
package in R (https:/sujiezhulab.shinyapps.io/coad/).
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3.5 The clinical and transcriptome
characteristics of high- and
low-risk patients

An alluvial diagram was used to visualize the connection
between the MKPC score and the three subtypes of colon cancer
based on the 66 prognostic genes. We found that most cluster C
patients are high-risk, whereas most cluster B patients are low-risk
(Figure 6A). In clinical practice, patient clinical features, such as
age, gender, TNM status, and stage serve as a guide for treating
colon cancer. So we looked at how these clinical characteristics
differed between the high- and low-risk groups. The higher the
grade of the patient, the higher the risk and the lower the chance of
survival (Figure 6B). Given our results that three subtypes have
distinct TME cell infiltration, we observed that the low-risk group
had more immune-activated cells and the high-risk group had more
immunosuppressive cells (Figure 6C). To investigate the potential
biological behavior of different risk groups, we performed a GSEA
analysis. The high-risk group was markedly enriched in stromal and
carcinogenic activation pathways such as ECM receptor interaction,
cell adhesion, and MAPK signaling pathways, which is consistent
with cluster C, whereas the low-risk group presented enrichment in
immune activation pathways such as Natural killer cell-mediated
cytotoxicity, JAK-STAT signaling pathway, and Toll-like receptor
signaling pathway (Supplementary Figure S10).

To obtain risk-related genes, we used the limma packages to
obtain DEGs between high- and low-risk groups, and these genes
were further selected for risk-related genes (RRGs) using Lasso
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regression and random forest (Figures 6D-F; Supplementary Table 3.6 The experiment of risk-related genes
§20). In addition, the intersected genes between LASSO regression

and random forest were regarded as final risk-related genes, yielding To explore potential colon cancer risk-related genes, we
11 genes (Supplementary Table S20). compared the expression of 11 RRGs in normal and tumor
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tissues (Supplementary Figures S11A-K) and found that PANX2
and GABRD are highly expressed in tumors, while PPARGCIA is
less expressed in tumors. This difference was consistent with the
difference between the low- and high-risk groups. To verify whether
these three genes were related to the progression of colon cancer, we
used qPCR to examine the expression of those genes in one normal
colon cell line and four colon cancer cell lines (Figures 7A-C).
Among them, PPARGCIA was expressed at a lower level in colon
cancer, which is consistent with our previous result that
PPARGCIA was expressed at a lower level in a high-risk group,
whereas GABRD showed the opposite trend of expression to
PPARGCIA in these cell lines, and PANX2 exhibited large
expression differences between cell lines. Considering the
PPARGCIA and GARBD were consistent in the “tumor vs.
normal” and “high-risk and low-risk group,” we further explored
the expression of these two genes in colon cancer patients. There
was a lower expression of PPARGCIA and a high expression of
GARBD in colon cancer patients (Figures 7D-G). Previous study
showed that PGCl-o (PPARGC1A) suppressed melanoma
metastasis, and that high PGClo expression is associated with
worse prognosis in metastatic melanomas (31, 32), and that high
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GARBD expression is associated with poor survival (33). These
results indicated that PPARGCIA and GARBD could be potential
targets for colon cancer.

4 Discussion

An analysis of the molecular basis of inter-patient heterogeneity
is a critical first step in understanding why some patients benefit
from specific treatments while others fail to benefit. The molecular
subtypes of colon cancer can help guide us with individualized
treatment. In this study, our results suggest that three distinct three
subtypes are based on the expression of 66 prognostic genes from
multiple signaling pathways characterized by diverse prognoses,
enabling validation in independent cohorts. Integrating RNA
subtype classification, pathway information, clinical signatures,
immune infiltrate analyses, and TMB status leads us to find that
the model of mRNA-based expression subtypes may be associated
with a unique response to therapies. Interestingly, cluster B/C
patients were characterized by higher immune infiltration and
MSI status, especially cluster B with a lower TIDE score, which is
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compare the expression of genes between normal and tumor. *p < 0.05.
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the candidate for immunotherapy, while cluster A patients were
characterized by the suppression of immunity and higher MSS
status, indicating cluster A is not suitable for immunotherapy.

We also observed that the three subtypes of colon cancer had
distinct TMB statuses and transcriptome expressions, implying that
each subtype of patient should be treated in a unique way.
Therefore, we used the L1000 platform to predict the drug for
these patients. To better assist clinicians with medication, we
developed a classifier that can identify which subtypes of colon
cancer a patient has. As a result, patients can be treated based on the
expression of their unique genes.

Furthermore, using the novel gene pairing approach, we
established a new MKPC score. To the best of our knowledge,
this is the first COAD prognostic model that considers multiple
signaling pathways at the same time. Using three independent
COAD cohorts, we have demonstrated that our MKPC score
leads to robust and accurate performance, and that the MKCP
score is particularly effective in READ. Our web-tool
implementation of the MKPC score and nomogram promotes an
easy use of the risk score for COAD.

In short, we summarized the differences between the distinct
three subtypes of colon cancer from a comprehensive and multi-
omics perspective. At the same time, we developed a classification-
drug-prognosis-prediction system that can be used to help
clinicians in identifying the best drug for a colon cancer patient.
The web tool for predicting patient survival also had a great
performance in assisting clinicians. However, the current work
has some limitations and areas that could be improved in the
future. Cancer, for example, is a molecularly heterogeneous disease
whose development has been linked to multiple signaling pathways
rather than single pathway genes. Our findings provided novel ideas
for identifying the subtypes of colon cancer, which can also be used
to distinguish subtypes of other cancers; however, the role of these
genes in Pan-cancer needs to be further explored to find a new
cancer target. Additionally, the drug lists for cluster A/B/C obtained
by L1000 need to be verified with more experiments, although the
drugs for cluster A/B/C were consistent with the enriched signaling
pathway that the gene features of these three clusters share to
some degree.
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SUPPLEMENTARY FIGURE 1
Flow chart of this study.

SUPPLEMENTARY FIGURE 2

The characteristics of three subtypes of colon cancer in GSE39582. (A) Heat
map of 66 prognostic-related genes in GSE39582. (B) Immune cell infiltration
among three subtypes of colon cancer in GSE39582. One-way ANOVA was
used to analysis the difference of immune cell infiltration among three cluster.
“*" means p<0.05; “**" means p<0.01; "***" means p<0.001

SUPPLEMENTARY FIGURE 3

Mutation analysis of different subtypes in TCGA-COAD cohort. (A) Waterfall
chart of mutations in Cluster A. (B) Word Cloud Analysis of mutations in
Cluster A. The character size reflects the number of mutations. (C) Waterfall
chart of mutations in Cluster B. (D) Word Cloud Analysis of mutations in
Cluster B. (E) Waterfall chart of mutations in Cluster C. (F) Word Cloud
Analysis of mutations in Cluster C. (G—=J) The relationship between CD8+ T
cell content and gene mutation (Wilcoxon test).

SUPPLEMENTARY FIGURE 4

The gene signature of cluster A. (A) The intersection of DEGs (patients vs
controls) and WGCNA genes in TCGA-COAD Cluster A patients. (B) PPI
network of intersection genes.
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SUPPLEMENTARY FIGURE 5

The gene signature of cluster B. (A) The intersection of DEGs (patients vs
controls) and WGCNA genes in TCGA-COAD Cluster B patients. (B) PPI
network of intersection genes.

SUPPLEMENTARY FIGURE 6

The gene signature of cluster C. (A) The intersection of DEGs (patients vs
controls) and WGCNA genes in TCGA-COAD Cluster C patients. (B) PPI
network of intersection genes.

SUPPLEMENTARY FIGURE 7

Prognostic molecular subtypes of Pan cancer landscape based on the
expression of 66 genes. In pan-cancer, the survival curves of 15 cancers
whose survival status can be distinguished by 66 prognostic-related genes
significantly. Log Rank test is used in this process. ACC, Adrenocortical
Carcinoma; BRCA, Breast Invasive Carcinoma; CESC, Cervical Squamous
Cell carcinoma and Endocervical Adenocarcinoma; KIRC, Kidney Renal
Clear Cell Carcinoma; LGG, Brain Lower Grade Glioma; LIHC, Liver
Hepatocellular Carcinoma; LUSC, Lung Squamous Cell Carcinoma; MESO,
Mesothelioma; OV, Ovarian Serous Cystadenocarcinoma; READ, Rectum
Adenocarcinoma; SARC, Sarcomav; SKCM, Skin Cutaneous Melanoma;
THYM, Thymoma; UCEC, Uterine Corpus Endometrial Carcinoma; UVM,
Uveal Melanoma.

SUPPLEMENTARY FIGURE 8

Construction MKPC score. (A) The partial likelihood deviance in cross-
validation (CV) as a function of the penalty coefficient lambda. The dotted
line shows the lambda value of 0.03 at the minimum partial likelihood
deviance level, suggesting 13 genes as optimal predictive features. Standard
errors are calculated over 1000 CV rounds. (B) The coefficients of the 13
genes as a function of the penalty coefficient (lambda). (C) The hazard ratios
of the MKPC signature genes based on multivariate Cox regression in the
training set. The asterisks indicate the statistical significance: *p<0.05,
**p<0.01, ***p<0.001 (Wald's test). (D) Survival curves (Log Rank test) of
MKPC score in READ. (E) ROC curves (Log Rank test) of MKPC score in READ.

SUPPLEMENTARY FIGURE 9
(A)The idea of web. (B)The nomogram based on MKPC score.

SUPPLEMENTARY FIGURE 10
GSEA analysis for TCGA-COAD cohort. (A) Enriched KEGG pathways in high
risk group. (B) Enriched KEGG pathways in low risk group.

SUPPLEMENTARY FIGURE 11

The expression of RRGs in normal colon tissue and colon cancer tissue. (A—K)
The expression of CCDC151, GAMT, LRFN1, MPP2, NGF, NOG, NXPE1, PANX2,
PCOLCE2, PPARGCIA and GABRD in normal colon tissue and colon
cancer tissue.

SUPPLEMENTARY TABLE 1
The summary of clinical information of collected cohorts.

SUPPLEMENTARY TABLE 2
The collected 183 genes from multiple signaling pathways.
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lgG-based B7-H3xCD3
bispecific antibody for
treatment of pancreatic,
hepatic and gastric cancer

Martina S. Lutz'?, Latifa Zekri***, Laura WeRling™?,
Susanne Berchtold**®, Jonas S. Heitmann™?,
Ulrich M. Lauer®**, Gundram Jung?®*® and Helmut R. Salih**

!Department of Internal Medicine, Clinical Collaboration Unit Translational Immunology, German
Cancer Consortium (DKTK), University Hospital Tuebingen, Tuebingen, Germany, 2Cluster of
Excellence iFIT (EXC 2180) “Image-Guided and Functionally Instructed Tumor Therapies”, University
of Tuebingen, Tuebingen, Germany, *Department of Immunology, Eberhard Karls Universitat
Tubingen, Tuebingen, Germany, “Department of Internal Medicine VIII, Medical Oncology &
Pneumology, University Hospital Tubingen, Tuebingen, Germany, *German Cancer Research Center
(DKFZ), German Cancer Consortium (DKTK), Tubingen, Germany

T cell-based immunotherapy has significantly improved treatment options for
many malignancies. However, despite these and other therapeutic
improvements over the last decades, gastrointestinal cancers, in particular
pancreatic, hepatic and gastric cancer, are still characterized by high relapse
rates and dismal prognosis, with an accordingly high unmet medical need for
novel treatment strategies. We here report on the preclinical characterization of
a novel bispecific antibody in an 1gG-based format termed CC-3 with B7-
H3xCD3 specificity. In many cancer entities including pancreatic, hepatic and
gastric cancers, B7-H3 (CD276) is overexpressed on tumor cells and also on the
tumor vasculature, the latter allowing for improved access of immune effector
cells into the tumor site upon therapeutic targeting. We demonstrate that CC-3
induces profound T cell reactivity against various pancreatic, hepatic and gastric
cancer cell lines as revealed by analysis of activation, degranulation and secretion
of IL2, IFNyas well as perforin, resulting in potent target cell lysis. Moreover, CC-3
induced efficient T cell proliferation and formation of T cell memory subsets.
Together, our results emphasize the potential of CC-3, which is presently being
GMP-produced to enable clinical evaluation for treatment of pancreatic, hepatic
and gastric cancer.

KEYWORDS

immunotherapy, pancreatic cancer, hepatic cancer, gastric cancer, B7-H3 (CD276),
CD3, bispecific antibody, gastrointestinal cancer

Abbreviations: 7-AAD, 7-aminoactinomycin D; bsAb, bispecific antibody; BSA, Bovine Serum Albumin;
CAR, chimeric antigen receptor; CD, cluster of differentiation; DAPI, 4,6-Diamidin-2-phenylindol; E:T,
effector to target; EU, endotoxin; GI, gastrointestinal; ICI, immune checkpoint inhibition; IFNY, Interferon v;
IgG1l, Immunglobulin G1; mAb, monoclonal antibody; MFI, mean fluorescence intensity; PFA,

paraformaldehyde; PBMC, peripheral blood mononuclear cell; PE, phycoerythrin; SD, standard deviation.
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Introduction

Malignancies of the gastrointestinal tract belong to the most
prevalent cancers, accounting for 26% of global cancer incidence
and 35% of all cancer-related deaths (1). Current treatment
strategies include chemotherapy, surgery, radiotherapy and
targeted therapies. Despite therapeutic improvements over the last
decades, among others due to incorporation of antibody-based
approaches like monoclonal antibodies (mAbs) targeting e.g.
HER2 or VEGF (2, 3), the still high relapse rates and
dismal prognosis underline the high medical need for new
therapeutic strategies.

In the last decade, immunotherapeutic approaches to mobilize
T cells against tumor cells have significantly improved oncological
treatment options. In particular, immune checkpoint inhibition
(ICI) has become a mainstay of treatment in many solid tumor
entities (4, 5). However, long-term remissions are still rare and
many patients do not respond to treatment. Chimeric antigen
receptor (CAR) T cell therapy and bispecific antibodies (bsAbs)
have shown remarkable success in the treatment of hematological
malignancies (6, 7) but are so far not effective in solid tumors.

B7-H3 (CD276) is a type I transmembrane protein belonging to
the B7 family of immune checkpoint proteins (8). Due to rather
specific expression on a wide array of cancer entities, B7-H3
presently receives high interest as target for immunotherapeutic
approaches (9, 10). Notably, B7-H3 is not only expressed on tumor
cells but also on the tumor vasculature (11). The latter may facilitate
improved access of immune effector cells to solid tumors upon
therapeutic targeting, thereby overcoming the lacking access of
immune effector cells to the tumor site, a major obstacle for T
cell-based immunotherapy of solid tumors. Based on previous work
including development of bsAbs with FLT3xCD3 (12) and
PSMAxCD3 (13, 14) specificity until the stage of clinical
evaluation (NCT05143996, NCT04104607 and NCT04496674),
we here preclinically evaluated a B7-H3xCD3 bsAb termed CC-3,
which is presently undergoing GMP production, for treatment of
pancreatic, hepatic und gastric cancer.

Materials and methods

Production and purification of
bispecific antibodies

B7-H3xCD3 and its isotype control MOPCxCD3 were
generated as described previously (13). In brief, the constructs
were produced in ExpiCHO cells (Gibco, Carlsbad, CA, USA)
and purified from culture supernatant by affinity chromatography
on Mabselect affinity columns (GE Healthcare, Munich, Germany)
followed by analytical and preparative size exclusion
chromatography using Superdex S200 Increase 10/300GL and
HiLoad 16/60 columns (GE Healthcare). Endotoxin levels were
measured with EndoZyme II (BioMerieux, Marcy-I'Etoile, France)
according to the manufacturer’s instructions and < 0.5 EU/ml.
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Cells

All cell lines were from ATCC (American Type Culture
Collection) and were selected to best reflect the respective cancer
entities. Hep3B and SNU387 represent hepatocellular carcinoma,
the most common form of liver cancer. The pancreatic cancer cell
lines were derived from adenocarcinomas, the most common type
of pancreatic cancer. Of these, PANC-1 cells represent pancreatic
ductal carcinoma, the most common subtype of pancreatic
adenocarcinoma. Adenocarcnimoa also is the most common type
of gastric cancer, with NCI-N87 and MKN-45 cells representing
well differentiated Lauren intestinal-type gastric adenocarcinoma
and poorly differentiated Lauren diffuse-type gastric
adenocarcinoma, respectively. Cells were tested routinely for
mycoplasma contamination every three months. Authenticity was
determined on a regular basis by validating the respective
immunophenotype described by the provider using flow
cytometry. Peripheral Blood Mononuclear cells (PBMC) of
healthy donors were isolated by density gradient centrifugation
(Biocoll; Biochrom, Berlin, Germany), and monocytes within the
PBMC were depleted for coculture experiments using human CD14
MicroBeads UltraPure kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). Where indicated, T cells within PBMC were isolated
by using either Pan T cell Isolation Kit, human CD4 Micro Beads or
human CD8 Micro Beads (Miltenyi Biotec).

Relative gene expression of CD276 based
on TCGA database analysis

Data on relative CD276 expression in tumor tissue of
pancreatic, hepatic and gastric cancer patients was obtained from
the Cancer Genome Atlas (TCGA) database and the GTEx project
utilizing the Gene Expression Profiling Interactive Analysis
(GEPIA) web server as described previously. The datasets PAAD
LIHC and STAD were downloaded from TCGA (http://
www.oncolnc.org/) and analyzed using the online web server
GEPIA (http://gepia.cancer-pku.cn/).

Immunofluorescence

Tumor cells were incubated with monocyte-depleted PBMC of
healthy donors (E:T 4:1), treated for 3 h and subsequently fixed in
4% paraformaldehyde (PFA) in PBS for 10 min at -20°C. Cells were
then blocked using 5% BSA, 0.2% Triton X-100, 0.1% Tween for
60 min, washed three times with PBST (PBS + 0.1% Tween20) and
stained using a rabbit anti-human-o-Tubulin antibody (clone
11H10, Cell Signaling, Denvers, MA) and a murine anti-human-
Perforin antibody (clone 8G9, BD Pharmingen, Heidelberg,
Germany), followed by an Alexa-Fluor 488 labelled anti-mouse
and Alexa-Fluor 594 labelled anti-rabbit antibody (Invitrogen,
Waltham, MA). Slides were mounted in fluorescent mounting
medium; DAPI was used for counter-staining. Pictures were
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acquired using a Zeiss 800 inverse laser scanning microscope (Zeiss,
Oberkochen, Germany) and images were processed using
Image] (15).

Flow cytometry

For analysis of B7-H3 surface expression and B7-H3xCD3
binding, cells were stained with a parental murine B7-H3
antibody (10 pg/mL) carrying the same B7-H3 binding clone as
our construct (7C4), B-H3xCD3 or the corresponding isotype
controls followed by a goat anti-mouse-PE conjugate (Dako,
Glostrup, Denmark) or a donkey anti-human-PE conjugate
(Jackson ImmunoResearch, West Grove, USA), respectively. T
cell activation, degranulation and proliferation were determined
using CD69-PE, CD107a-PE (BD Pharmingen) as well as CD4-
APC, CD8-FITC, CD62L-PB and CD45ro-PeCy7 (BioLegend, San
Diego, CA) fluorescence conjugates. For flow cytometric analysis of
target cell lysis, tumor cells were loaded with 2.5 uM CellTrace'™
Violet (Thermo Fisher Scientific, Waltham, MA) and cultured with
monocyte-depleted PBMC (E:T 4:1) in the presence or absence of
B7-H3xCD3 or MOPCxCD3 (1 nM each). Standard calibration
beads (Sigma-Aldrich, St. Louis, MO) were used to ensure analysis
of equal assay volumes and to account for the number of target cells
that had vanished from the culture. 7AAD (Biolegend) was used for
live- and dead-cell discrimination. Measurements were performed
using a FACS Canto II or FACS Fortessa (BD Biosciences, San
Diego, CA) and data was analyzed using the software Flow]Jo
(FlowJo LCC, Ashland, OR).

T cell activation and degranulation assays

To determine activation and degranulation in the presence of
target cells, tumor cells were cultured with monocyte-depleted
PBMC of healthy donors (E:T 4:1) in the presence or absence of
B7-H3xCD3 or MOPCxCD3 (1 nM each). For analysis of T cell
activation, CD69 expression was determined after 24 h. To compare
activation of T cells within PBMC preparations to isolated T cell
subpopulations in the absence of target cells, 1 pg/ml recombinant
human B7-H3 was coated on 96-well plates overnight.
Subsequently, PBMC preparations or isolated T cells and
MOPCxCD3 or B7-H3xCD3 (5 nM each) were added, incubated
for 72 h and analyzed by flow cytometry for CD69 expression. To
analyze T cell degranulation, cells were cultured for 4 h in the
presence of CD107a-PE (1:25), BD GolgiStop and BD GolgiPlug
(1:1000, both BD Biosciences). Analysis was conducted using
flow cytometry.

T cell proliferation assays

For long-term proliferation assays, monocyte-depleted PBMC
were loaded with 2.5 uM CellTrace"™" Violet cell proliferation dye
(Thermo Fisher Scientific) and incubated with tumor cells (E:T 4:1)
and the indicated bsAbs (1 nM each). On day 3, cells were
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reincubated with fresh target cells and treatment was repeated.
On day 6, proliferation of CD4" and CD8" T cells was analyzed by
flow cytometry. For T cell subset analysis, PBMC were incubated
with tumor cells (E:T 1:1) and the indicated bsAbs (1 nM each). On
day 3, cells were reincubated with fresh target cells and treatment.
On day 6, T cell subsets were determined by flow cytometric
analysis for expression of CD4, CD8, CD45ro and CD62L.

Analysis of cytokine secretion

Monocyte-depleted PBMC of healthy donors were cultured
with tumor cells (E:T ratio 4:1) in the presence or absence of
bsAb or control (I nM each). After 24 h, supernatants were
collected and analyzed for IL-2, IENy, IL-10 and TNF using
Legendplex assays (BioLegend).

Cytotoxicity assays

Monocyte-depleted PBMC of healthy donors were cultured
with tumor cells (E:T ratio 4:1) in the presence or absence of
bsAb or control (1 nM each). Real-time cytotoxicity analysis was
conducted using the xCELLigence RTCA system (Roche Applied
Science, Penzberg, Germany).

Statistics

If not otherwise indicated, values depict means + standard
deviation (SD). Student’s t test, Mann-Whitney U test, one-way
ANOVA and Friedman’s test was used for continuous variables. If
significant differences by ANOVA were found, group wise
comparison was done (Tukey’s multiple comparison test). If
significant differences were found by Friedman’s test, Dunn’s
multiple comparisons test was used. All statistical tests were
considered statistically significant when p was below 0.05.
Statistical analysis was performed using GraphPadPrism (v.8.1.0).

Results

Characterization of B7-H3 expression
and binding of the B7-H3xCD3 bsAb
CC-3 in pancreatic, hepatic and
gastric cancer cell lines

As a first step, B7-H3 mRNA expression was studied by analysis
of TCGA data sets of 178 pancreatic adenocarcinomas, 368
hepatocellular carcinomas and 408 gastric adenocarcinomas.
Highest mRNA expression was observed in pancreatic
adenocarcinoma, followed by gastric adenocarcinoma and
hepatocellular carcinomas (Figure 1A). Next we characterized
whether and to what extent B7-H3 was expressed on the surface
of pancreatic, hepatic and gastric cancer cell lines. To this end we
used the B7-H3 monoclonal antibody clone 7C4 that also served as
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FIGURE 1

Characterization of B7-H3 expression and binding of CC-3 in gastrointestinal cancer cell lines. (A) CD276 gene expression profile in pancreatic,
hepatic and gastric cancer was analyzed using the online web server GEPIA. (B) The indicated cancer cell lines were stained using a murine
monoclonal B7-H3 antibody (clone 7C4) followed by an anti-mouse PE conjugate and analyzed using flow cytometry. B7-H3 expression on
pancreatic cell lines AsPC-1 and PANC-1, hepatic cell lines Hep3B and SNU-387 and gastric cell lines MKN-45 and NCI-N87 is shown (shaded peaks,
anti-B7H3; open peaks, control). (C) Schematic illustration and mechanism of action of the B7-H3xCD3 bsAb CC-3. The graphic was created by
BioRender (BioRender.com, Toronto, Canada). (D) The indicated tumor cells were incubated with increasing concentrations of CC-3 or the
respective isotype control MOPCxCD3, followed by an anti-human PE conjugate. Binding of the constructs to the indicated cell lines was analyzed
by flow cytometry. MFI, mean fluorescence intensities.
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target binder in our B7-H3xCD3 bsAb. Flow cytometric analysis  sequence of UCHT-1 carrying four mutations in the CDR-H2 and
revealed substantial B7-H3 expression in all tested cell lines  one mutation in the FR-H3 resulting in reduced affinity to CD3
(Figure 1B). Next we studied binding of our B7-H3xCD3 bsAb  (clone M18) as effector part (Figure 1C) (16). Binding titration
CC-3, which contains the variable domain of 7C4 cloned into our  experiments using the indicated pancreatic, hepatic and gastric cell
previously described IgGsc bsAb format (13), with the single chain ~ lines revealed ECs, values between 4.59 nM and 19.71 nM
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(Figure 1D), whereas no unspecific binding to B7-H3-negative cells
was observed (Figures S1A, B).

Induction of T cell activation

Next, we determined the capacity of CC-3 to induce T cell
reactivity against pancreatic, hepatic and gastric cancer cell lines.
PBMC of healthy donors were depleted of monocytes that can
express substantial levels of B7-H3 upon activation (8, 9) and
cultured with the indicated target cells in the presence or absence
of increasing concentrations of CC-3 or the isotype control
MOPCxCD3. Flow cytometric analysis of CD69 expression
revealed maximal activation of CD4" and CD8" T cells with CC-3
concentrations as low as 1 nM CC-3 (Figure 2A). Use of the above
described PBMC preparations and analysis of the effects of CC-3 on
T cells therein served to most closely reflect the physiological
situation in patients, where other components of the blood may
influence bsAb-induced T cell immunity (17, 18). Analyses
evaluating the effect of immobilized CC-3 or isotype control in
the absence of tumor targets revealed comparable activation of T
cells within PBMC preparations and isolated T cells and excluded
potential confounders by the tumor cells. (Figure S2). Analysis of T
cell degranulation as determined by analysis of CD107a expression
confirmed that CC-3 potently stimulated T cells with maximum
effects observed already with doses of 1InM (Figure 2B). No effects
were observed when the isotype control MOPCxCD3 or the B7-H3
negative HL-60 cells as targets were used, confirming strictly target
antigen-restricted activity of our construct (Figures 2A, B; S1C, D).
In line, analysis of culture supernatants by Legendplex assays
showed a significant increase in IL-2, IFNy, IL-10 and TNF
secretion after treatment with 1 nM CC-3, but not with the
isotype control or when target antigen negative tumor cells were
used (Figures 2C, D; SIE, S3). When we used immunofluorescence
staining to visualize induction of T cell reactivity against target cells,
a significantly higher number of Perforin positive cells within the
coculture was observed in samples treated with CC-3 compared to
untreated samples. No effect was observed with the isotype control,
again confirming target cell restricted activity of our bsAb CC-3
(Figures 3A-C; S4).

Induction of T cell proliferation

As induction of T cell proliferation is an important prerequisite
to combat high tumor burden, we next labelled PBMC using
CellTrace ™ Violet and analyzed induction of CD4* and CD8* T
cell counts (Figures 4A-C) and cell dye dilution (Figure S5) in
cocultures with gastric, hepatic and pancreatic tumor cells upon
treatment with 1 nM of CC-3 using flow cytometry. We observed
profound T cell proliferation and significantly increased T cell
counts in samples treated with CC-3, but not upon application of
isotype control or when target cells were negative for B7-H3
(Figures 4A; SIF). As memory T cells constitute the subset most
relevant for therapeutic success (19, 20), we next analyzed which T
cell subsets were proliferating and found that CC-3 preferentially
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induced expansion of effector memory and central memory T cells
in a target cell restricted manner (Figures 4B, C; Figure S1G).

Induction of target cell lysis

Finally, we analyzed whether induction of T cell activation and
proliferation by CC-3 treatment were mirrored by a corresponding
effect regarding lysis of pancreatic, hepatic and gastric tumor cells.
PBMC were cocultured with target cells and treated with CC-3 or
isotype control (1 nM). Flow cytometry-based lysis assays revealed
significant induction of cytotoxicity against pancreatic, hepatic and
gastric tumor cells by CC-3 after 72 h. Again, isotype control had no
effect, and analyses with the B7-H3xCD3 negative HL-60 cells
confirmed target antigen-specific efficacy (Figures 5A; S1H, S6).
Notably, analyses using the xCELLigence system confirmed the
ability of CC-3 to mediate target efficacy of CC-3 over extended
time periods, which indicates that CC-3 may induce sustained anti-
tumor efficacy (Figure 5B).

Discussion

Although therapeutic options for solid tumors have overall
improved over the last decades, treatment of gastrointestinal
cancers remains still challenging. Several small molecule
inhibitors have been approved by the US Food and Drug
Administration (FDA) as therapeutic option for hepatic, gastric
and pancreatic cancer, but the benefit of these therapies is limited
(21-25). Antibody-based approaches targeting angiogenesis-(e.g.,
Ramucirumab) or oncogenic signaling pathways (e.g., EGF
Cetuximab or HER2 Trastuzumab) likewise show only limited
benefit. T cell based-immunotherapy, especially ICI, which has
revolutionized oncological treatment e.g. of lung and skin cancer,
has also been evaluated for treatment of metastasized GI cancer, but
except for the small group with microsatellite instability, achieves
only limited efficacy (26-31). Especially in pancreatic cancer, ICI is
far from being sufficiently effective, in large part likely due to an
immunosuppressive tumor microenvironment (32). Moreover, the
dense extracellular matrix of pancreatic cancer may act as physical
barrier that prevents tumor infiltration by T and B lymphocytes
(33). So far, limited evidence is available that ICI may be effective in
some patients with hepatocellular carcinoma, but a reliable
predictor for treatment response, e.g. characteristics of the tumor
environment, has not been identified yet (34). Overall, new
therapeutic concepts to improve treatment options of GI cancer
patients are urgently needed. In the present study, we report on the
preclinical characterization of a bsAb targeting B7-H3 and CD3 for
treatment of gastric, hepatic and pancreatic cancer.

Compared to ICI, bsAbs and CAR T cells induce T cell
antitumor immunity in a more targeted manner. Other than CAR
T cells, bsAbs constitute readily available ‘oft the shelf” reagents,
avoiding the delay of treatment that is required for the production
of CAR T cells and contributes to their vast costs upon clinical
application. CAR T cells and bsAbs share the shortcoming that their
therapeutic success so far is limited to hematologic malignancies.
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FIGURE 2

Induction of T cell activation against gastrointestinal cancer cell lines by CC-3. Monocyte-depleted PBMC of healthy donors were incubated with the
indicated tumor cell lines (E:T 4:1) in the presence or absence of CC-3 or MOPCxCD3. If not stated otherwise, all constructs were used at 1 nM.

(A) Activation of CD4+ and CD8+ T cells was determined by flow cytometric analysis for CD69 expression after 24 hours. Combined data obtained
with PBMC of three independent donors are shown. (B) Degranulation of CD4+ and CD8+ T cells was determined by expression of CD107a after 4
h. Combined data obtained with PBMC of four independent donors are shown. (C) IL-2 and (D) IFNy levels in culture supernatants were measured
after 24 h using LEGENDplex assays. Combined data obtained with PBMC of four independent donors are shown. E:T, effector to target; PBMC,
peripheral blood mononuclear cell.

The reasons are not yet fully understood, but limited access of T  even high numbers of tumor-specific T cells fail to induce sufficient
cells to the tumor site appears to constitute a major obstacle (35,  antitumor responses unless a proinflammatory tumor environment
36). In our view, targeting both tumor cells and tumor vessels thus ~ has been generated (37, 38).

seems critical, the latter allowing for sufficient influx of immune B7-H3 has attracted considerable interest as promising target
cells to the tumor site across a damaged or inflamed endothelial ~ for cancer immunotherapy because it is not only overexpressed on
barrier. This reasoning is supported by reports demonstrating that ~ tumor cells in various types of cancer including GI cancer (9, 39,
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40), but also on tumor-associated endothelial and stromal cells (41,
42). High expression of B7-H3 on tumor tissue is associated with
poor clinical outcome and lymph node metastasis (43), and several
studies report first evidence that B7-H3 positive tumor cell fractions
may be enriched for cancer stem cells (44-46). In addition, B7-H3 is
reported to act as coinhibitory receptor in the B7-CD28 pathway,
suppressing T cell antitumor immunity (47-49). Specifically in
pancreatic cancer, B7-H3 was reported to promote tumor
progression, and its inhibition reduced cancer metastasis in vivo
(39). In hepatocellular carcinoma, high B7-H3 expression was
associated with adverse clinicopathologic features and poor

10.3389/fimmu.2023.1163136

outcome (50). Another study demonstrated that B7-H3 promotes
gastric cancer cell migration and invasion (51). We have recently
reported on the preclinical characterization of an optimized B7-
H3xCD3 bsAb and showed that targeting a membrane-proximal
B7-H3 epitope allows for reduction of CD3 affinity while
maintaining therapeutic efficacy. In analyses with colorectal
cancer cells, our lead compound CC-3 demonstrated superior
tumor cell killing, T cell activation, proliferation, and memory
formation, while undesired cytokine release was reduced (16).
Based on these characteristics and the aforementioned data on
the expression and pathophysiological involvement of B7-H3 we
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FIGURE 3

Induction of Perforin by CC-3. Monocyte-depleted PBMC of healthy donors were incubated with target cells (E:T 4:1) in the presence or absence of
CC-3 or MOPCxCD3 (1 nM each) for 3 hours and subsequently stained for Perforin (green) and a.-Tubulin (red). DAPI was used for counterstaining

Scale bars of left panels indicate 50 pM, original

magnification x40. Scale bar of exemplary immunofluorescence staining indicates 20 pm, original

magnification x63. Perforin positive cells were quantified per FoV (n=12) out of three independent experiments. Results obtained with (A) PANC-1,
(B) Hep3B and (C) NCI-N87 cells are shown. DAPI, 4’,6-diamidino-2-phenylindole; E:T, effector to target; FoV, field of view
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Induction of T cell proliferation and memory T cell populations by CC-3. (A) Monocyte-depleted PBMC of healthy donors (n=4) were labelled with
CellTrace™ Violet cell dye and incubated with or without MOPCxCD3 or CC-3 (1 nM each) in the presence of PANC-1, Hep3B, or NCI-N87 cells (E:
T 4:1). After 72 h, PBMC were reexposed to fresh target cells and the respective treatment for additional 72 h. On day 6, proliferation was
determined by flow cytometry. (B, C) PBMC of healthy donors (n=5) were incubated with or without MOPCxCD3 or CC-3 (1 nM each) in the
presence of PANC-1, Hep3B, or NCI-N87 cells (E:T 1:1). After 72 h, cells were reexposed to fresh target cells and the respective treatment. On day 6,
subpopulations of CD4* and CD8™ T cells were determined by flow cytometric analysis. Effector T cells were defined as CD62L"CD45ro0", naive T
cells as CD62L*"CD45r0", effector memory T cells as CD62L"CD45ro* and central memory T cells as CD62L"CD45ro*. (B) representative
t-distributed stochastic neighbor embedding (tSNE) plots and (C) pooled data are shown. E:T, effector to target. PBMC, peripheral blood

mononuclear cell.

reasoned that CC-3 would also constitute a promising compound
for other gastrointestinal cancer entities. Initial flow cytometric
analyses revealed that indeed high B7-H3 levels were expressed in
all tested pancreatic, hepatic and gastric cancer cell lines,
confirming suitability as therapeutic target. Subsequent functional

Frontiers in Immunology

characterization documented strong induction of T cell activation,
degranulation and secretion of the “antitumor cytokines” like IFNy
and IL-2 as well as potent induction of tumor cell lysis. In addition,
we could demonstrate that CC-3 potently induces T cell
proliferation, which is a critical prerequisite to enable treatment

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1163136
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

10.3389/fimmu.2023.1163136

Lutz et al.
A
150
o PANC-1
% °
S % 100 — untreated
untreated MOPCXCD3 B7-H3xCD3 T2 64 — wmoPcxcD3
o[ [@="= = m %g o g 4] — B7HaxCDs
b= o o) ] =
2 k‘,,,,) :) C/ gL 32
0 (o] T T T 1
Forward scatter @b O"g & 2J 50 100 150 200
& o ) time [h]
§ 620«’2\
AU
Hep3B
150 p=0.14 Hep3B
o p<0.0001 P
33 . 8
untreated  MOPCXCD3  B7-H3xCD3 ‘gEj 100 6
796 € 753 83 E g E 4
< ~ - o
Se, >
~ ’\‘:/ (t/ L/ . 8 2
0 o] T T T 1
Forward scatter \@5 P P ZJ 50 100 150 200
\)&e?q@@&a? - time [h]
¥ &
NCI-N87
150, =2
p <0.0001 NCI-N87
% = 10
oL
untreated  MOPCxCD3 B7-H3xCD3 ‘gg 8
53 509 — sS é 6
al |€ e e o5 £ 4
WL e . = =
g = ® 3
s &
0
F d scatt
orward scatter \Qp 0»3 00{5 2 50 »100 150 200
\\}\\@ Q0+ ‘23’+ time [h]
¥ &
FIGURE 5

Induction of tumor cell lysis mediated by CC-3. Monocyte-depleted PBMC of healthy donors were incubated with the indicated target cells at an E:T
ratio of 4:1 in the presence or absence of MOPCxCD3 or CC-3 (1 nM each). (A) Lysis of PANC-1, Hep3B and NCI-N87 cells was determined by flow
cytometry-based lysis assay after 72 h. Left panels depict exemplary results right panels show combined data obtained with PBMC of five
independent donors. (B) Long-term cytotoxic effects of PBMC of healthy donors (n=4) against PANC-1, NCI-N87 and Hep3B cells was determined

using xCELLigence system. E:T, effector to target.

of patients with higher disease burden. In this context it is
particularly noteworthy that CC-3 triggered mainly the
proliferation of memory T cells, which are considered to be
crucial for therapeutic success (19, 20). These findings support
and extend our recently reported data for CC-3 in CRC (16). Of
note, various factors like the tumor microenvironment and T cell
exhaustion influence the therapeutic success of bsAb treatment
and are not accounted for in our experimental systems.
Additional preclinical investigations to address the influence
of these and other confounders of treatment efficacy are
warranted, and eventually could be correlated with findings upon
clinical evaluation.

Several approaches targeting B7-H3 are currently under clinical
investigation, reflecting the growing interest in this target for
antibody-based immunotherapy. This includes among others
CAR T cell-based therapies (NCT04897321, NCT05211557,
NCT05341492, NCT04483778, NCT05323201, NCT05241392,
NCT05474378, NCT03198052, NCT04185038, NCT05366179,
NCT04670068, NCT05143151) which are being evaluated in
various tumor entities including hepatocellular carcinoma and

advanced pancreatic carcinoma.

Frontiers in Immunology 31

In conclusion, the preclinical data reported in this study
documenting efficacy of CC-3 in pancreatic, hepatic and gastric
cancer in our view clearly indicate that this B7-H3xCD3 bsAb
constitutes a promising immunotherapeutic compound. GMP
compliant production of CC-3 is presently ongoing to enable

clinical evaluation.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by IRB (ethics committee of the Faculty of Medicine of
the Eberhard Karls Universitaet Tuebingen) at the University
Hospital Tuebingen and was conducted in accordance with the
Declaration of Helsinki; reference number13/2007 V. Human

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1163136
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lutz et al.

material was collected after obtaining informed consent. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

ML designed and performed the experiments, analyzed and
interpreted data, and wrote the manuscript. LZ designed
experiments, provided critical reagents and contributed to the
study design. LW designed and performed experiments. GJ, SB
and UL provided critical reagents. JH wrote and critically revised
the manuscript. HS contributed to the study design, critically
revised the manuscript, and supervised the study. All authors
contributed to the article and approved the submitted version.

Funding

This project was supported by the Deutsche Krebshilfe
(70113999), the Wilhelm Sander-Stiftung (2017.100.2), and
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy - EXC 2180 -
39090067 and DFG, project number SA 1360/9-3.

Acknowledgments

The authors thank Celine Reifs and Michael Beller for excellent
technical assistance. Flow cytometry sample acquisition was

References

1. Arnold M, Abnet CC, Neale RE, Vignat J, Giovannucci EL, McGlynn KA, et al.
Global burden of 5 major types of gastrointestinal cancer. Gastroenterology (2020) 159
(1):335-349.e15. doi: 10.1053/j.gastro.2020.02.068

2. Janjigian YY, Kawazoe A, Yanez P, Li N, Lonardi S, Kolesnik O, et al. The
KEYNOTE-811 trial of dual PD-1 and HER2 blockade in HER2-positive gastric cancer.
Nature (2021) 600(7890):727-30. doi: 10.1038/s41586-021-04161-3

3. Finn RS, Qin S, Tkeda M, Galle PR, Ducreux M, Kim TY, et al. Atezolizumab plus
bevacizumab in unresectable hepatocellular carcinoma. N Engl ] Med (2020) 382
(20):1894-905. doi: 10.1056/NEJMoal915745

4. Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell death.
EMBO J (1992) 11(11):3887-95. doi: 10.1002/j.1460-2075.1992.tb05481.x

5. Leach DR, Krummel MF, Allison JP. Enhancement of antitumor immunity by
CTLA-4 blockade. Science (1996) 271(5256):1734-6. doi: 10.1126/science.271.5256.1734

6. Brentjens RJ, Davila ML, Riviere I, Park J, Wang X, Cowell LG, et al. CD19-
targeted T cells rapidly induce molecular remissions in adults with chemotherapy-
refractory acute lymphoblastic leukemia. Sci Transl Med (2013) 5(177):177ra38.
doi: 10.1126/scitranslmed.3005930

7. Bargou R, Leo E, Zugmaier G, Klinger M, Goebeler M, Knop S, et al. Tumor
regression in cancer patients by very low doses of a T cell-engaging antibody. Science
(2008) 321(5891):974-7. doi: 10.1126/science.1158545

8. Chapoval Al, Ni J, Lau JS, Wilcox RA, Flies DB, Liu D, et al. B7-H3: a
costimulatory molecule for T cell activation and IFN-gamma production. Nat
Immunol (2001) 2(3):269-74. doi: 10.1038/85339

9. Zhou WT, Jin WL. B7-H3/CD276: An emerging cancer immunotherapy. Front
Immunol (2021) 12:701006. doi: 10.3389/fimmu.2021.701006

Frontiers in Immunology

10.3389/fimmu.2023.1163136

performed on shared instruments of the Flow Cytometry Core
Facility Tuebingen.

Conflict of interest

GJ, HS and LZ are listed as inventors on the patent application
“Antibodies targeting, and other modulators of, the CD276 antigen,
and uses thereof,” EP3822288A1, applicant is German Cancer
Research Center, Heidelberg, and Medical Faculty University of
Tuebingen, Germany.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be constructed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1163136/
full#supplementary-material

10. Kontos F, Michelakos T, Kurokawa T, Sadagopan A, Schwab JH, Ferrone CR,
et al. B7-H3: An attractive target for antibody-based immunotherapy. Clin Cancer Res
(2021) 27(5):1227-35. doi: 10.1158/1078-0432.CCR-20-2584

11. Crispen PL, Sheinin Y, Roth TJ, Lohse CM, Kuntz SM, Frigola X, et al. Tumor cell
and tumor vasculature expression of B7-H3 predict survival in clear cell renal cell
carcinoma. Clin Cancer Res (2008) 14(16):5150-7. doi: 10.1158/1078-0432.CCR-08-0536

12. Mehta NK, Pfluegler M, Meetze K, Li B, Sindel I, Vogt F, et al. A novel IgG-based
FLT3xCD3 bispecific antibody for the treatment of AML and b-ALL. ] Immunother
Cancer (2022) 10(3). doi: 10.1136/jitc-2021-003882

13. Zekri L, Vogt F, Osburg L, Muller S, Kauer J, Manz T, et al. An IgG-based
bispecific antibody for improved dual targeting in PSMA-positive cancer. EMBO Mol
Med (2021) 13(2):e11902. doi: 10.15252/emmm.201911902

14. Heitmann JS, Walz JS, Pflugler M, Kauer J, Schlenk RF, Jung G, et al. Protocol of a
prospective, multicentre phase I study to evaluate the safety, tolerability and preliminary
efficacy of the bispecific PSMAXCD3 antibody CC-1 in patients with castration-resistant
prostate carcinoma. BMJ Open (2020) 10(10):039639. doi: 10.1136/bmjopen-2020-039639

15. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to Image]: 25 years of
image analysis. Nat Methods (2012) 9(7):671-5. doi: 10.1038/nmeth.2089

16. Zekri L, Lutz M, Prakash N, Manz T, Klimovich B, Mueller S, et al. An optimized
IgG-based B7-H3xCD3 bispecific antibody for treatment of gastrointestinal cancers.
Mol Ther (2023). doi: 10.1016/j.ymthe.2023.02.010

17. Gaudino SJ, Kumar P. Cross-talk between antigen presenting cells and T cells
impacts intestinal homeostasis, bacterial infections, and tumorigenesis. Front Immunol
(2019) 10:360. doi: 10.3389/fimmu.2019.00360

18. Schuster IS, Coudert JD, Andoniou CE, Degli-Esposti MA. "Natural regulators": NK cells
as modulators of T cell immunity. Front Immunol (2016) 7:235. doi: 10.3389/fimmu.2016.00235

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1163136/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1163136/full#supplementary-material
https://doi.org/10.1053/j.gastro.2020.02.068
https://doi.org/10.1038/s41586-021-04161-3
https://doi.org/10.1056/NEJMoa1915745
https://doi.org/10.1002/j.1460-2075.1992.tb05481.x
https://doi.org/10.1126/science.271.5256.1734
https://doi.org/10.1126/scitranslmed.3005930
https://doi.org/10.1126/science.1158545
https://doi.org/10.1038/85339
https://doi.org/10.3389/fimmu.2021.701006
https://doi.org/10.1158/1078-0432.CCR-20-2584
https://doi.org/10.1158/1078-0432.CCR-08-0536
https://doi.org/10.1136/jitc-2021-003882
https://doi.org/10.15252/emmm.201911902
https://doi.org/10.1136/bmjopen-2020-039639
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.ymthe.2023.02.010
https://doi.org/10.3389/fimmu.2019.00360
https://doi.org/10.3389/fimmu.2016.00235
https://doi.org/10.3389/fimmu.2023.1163136
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lutz et al.

19. Ando M, Ito M, Srirat T, Kondo T, Yoshimura A. Memory T cell, exhaustion,
and tumor immunity. Immunol Med (2020) 43(1):1-9. doi: 10.1080/
25785826.2019.1698261

20. Klebanoff CA, Gattinoni L, Restifo NP. CD8+ T-cell memory in tumor
immunology and immunotherapy. Immunol Rev (2006) 211:214-24. doi: 10.1111/
j.0105-2896.2006.00391.x

21. Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF, et al. Sorafenib in
advanced hepatocellular carcinoma. N Engl ] Med (2008) 359(4):378-90. doi: 10.1056/
NEJMo0a0708857

22. Kudo M, Finn RS, Qin S, Han KH, Ikeda K, Piscaglia F, et al. Lenvatinib versus
sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma:
a randomised phase 3 non-inferiority trial. Lancet (2018) 391(10126):1163-73.
doi: 10.1016/S0140-6736(18)30207-1

23. Pavlakis N, Sjoquist KM, Martin AJ, Tsobanis E, Yip S, Kang YK, et al.
Regorafenib for the treatment of advanced gastric cancer (INTEGRATE): A
multinational placebo-controlled phase II trial. J Clin Oncol (2016) 34(23):2728-35.
doi: 10.1200/JC0O.2015.65.1901

24. Shlomai A, Leshno M, Goldstein DA. Regorafenib treatment for patients with
hepatocellular carcinoma who progressed on sorafenib-a cost-effectiveness analysis.
PLoS One (2018) 13(11):e0207132. doi: 10.1371/journal.pone.0207132

25. Moore MJ, Goldstein D, Hamm J, Figer A, Hecht JR, Gallinger S, et al. Erlotinib
plus gemcitabine compared with gemcitabine alone in patients with advanced
pancreatic cancer: a phase III trial of the national cancer institute of Canada clinical
trials group. J Clin Oncol (2007) 25(15):1960-6. doi: 10.1200/JCO.2006.07.9525

26. Zhu AX, Kang YK, Yen CJ, Finn RS, Galle PR, Llovet JM, et al. Ramucirumab
after sorafenib in patients with advanced hepatocellular carcinoma and increased alpha-
fetoprotein concentrations (REACH-2): a randomised, double-blind, placebo-controlled,
phase 3 trial. Lancet Oncol (2019) 20(2):282-96. doi: 10.1016/S1470-2045(18)30937-9

27. Fuchs CS, Shitara K, Di Bartolomeo M, Lonardi S, Al-Batran SE, Van Cutsem E,
et al. Ramucirumab with cisplatin and fluoropyrimidine as first-line therapy in patients
with metastatic gastric or junctional adenocarcinoma (RAINFALL): a double-blind,
randomised, placebo-controlled, phase 3 trial. Lancet Oncol (2019) 20(3):420-35.
doi: 10.1016/S1470-2045(18)30791-5

28. Bang Y], Van Cutsem E, Feyereislova A, Chung HC, Shen L, Sawaki A, et al.
Trastuzumab in combination with chemotherapy versus chemotherapy alone for
treatment of HER2-positive advanced gastric or gastro-oesophageal junction cancer
(ToGA): a phase 3, open-label, randomised controlled trial. Lancet (2010) 376
(9742):687-97. doi: 10.1016/S0140-6736(10)61121-X

29. Fuchs CS, Doi T, Jang RW, Muro K, Satoh T, Machado M, et al. Safety and
efficacy of pembrolizumab monotherapy in patients with previously treated advanced
gastric and gastroesophageal junction cancer: Phase 2 clinical KEYNOTE-059 trial.
JAMA Oncol (2018) 4(5):2180013. doi: 10.1001/jamaoncol.2018.0013

30. Calderaro ], Rousseau B, Amaddeo G, Mercey M, Charpy C, Costentin C, et al.
Programmed death ligand 1 expression in hepatocellular carcinoma: Relationship with
clinical and pathological features. Hepatology (2016) 64(6):2038-46. doi: 10.1002/hep.28710

31. Ratti M, Lampis A, Hahne JC, Passalacqua R, Valeri N. Microsatellite instability
in gastric cancer: molecular bases, clinical perspectives, and new treatment approaches.
Cell Mol Life Sci (2018) 75(22):4151-62. doi: 10.1007/s00018-018-2906-9

32. Karamitopoulou E. Tumour microenvironment of pancreatic cancer: immune
landscape is dictated by molecular and histopathological features. Br ] Cancer (2019)
121(1):5-14. doi: 10.1038/s41416-019-0479-5

33. Li HB, Yang ZH, Guo QQ. Immune checkpoint inhibition for pancreatic ductal
adenocarcinoma: limitations and prospects: a systematic review. Cell Commun Signal
(2021) 19(1):117. doi: 10.1186/s12964-021-00789-w

34. Mohr R, Jost-Brinkmann F, Ozdirik B, Lambrecht ], Hammerich L, Loosen SH,
et al. Lessons from immune checkpoint inhibitor trials in hepatocellular carcinoma.
Front Immunol (2021) 12:652172. doi: 10.3389/fimmu.2021.652172

35. Pishvaian M, Morse MA, McDevitt ], Norton JD, Ren S, Robbie GJ, et al. Phase 1
dose escalation study of MEDI-565, a bispecific T-cell engager that targets human

Frontiers in Immunology

33

10.3389/fimmu.2023.1163136

carcinoembryonic antigen, in patients with advanced gastrointestinal
adenocarcinomas. Clin Colorectal Cancer (2016) 15(4):345-51. doi: 10.1016/
j.clcc.2016.07.009

36. Kebenko M, Goebeler ME, Wolf M, Hasenburg A, Seggewiss-Bernhardt R, Ritter
B, et al. A multicenter phase 1 study of solitomab (MT110, AMG 110), a bispecific
EpCAM/CD3 T-cell engager (BiTE(R)) antibody construct, in patients with refractory
solid tumors. Oncoimmunology (2018) 7(8):e1450710. doi: 10.1080/
2162402X.2018.1450710

37. Morris ZS, Guy EI, Francis DM, Gressett MM, Werner LR, Carmichael LL, et al.
In situ tumor vaccination by combining local radiation and tumor-specific antibody or
immunocytokine treatments. Cancer Res (2016) 76(13):3929-41. doi: 10.1158/0008-
5472.CAN-15-2644

38. Ganss R, Ryschich E, Klar E, Arnold B, Hammerling GJ. Combination of T-cell
therapy and trigger of inflammation induces remodeling of the vasculature and tumor
eradication. Cancer Res (2002) 62(5):1462-70. doi: 10.3892/ijmm.2012.1212

39. Zhao X, Li DC, Zhu XG, Gan WJ, Li Z, Xiong F, et al. B7-H3 overexpression in
pancreatic cancer promotes tumor progression. Int J] Mol Med (2013) 31(2):283-91.
doi: 10.3892/ijmm.2012.1212

40. Arigami T, Uenosono Y, Hirata M, Yanagita S, Ishigami S, Natsugoe S. B7-H3
expression in gastric cancer: a novel molecular blood marker for detecting circulating
tumor cells. Cancer Sci (2011) 102(5):1019-24. doi: 10.1111/j.1349-7006.2011.01877.x

41. Seaman S, Zhu Z, Saha S, Zhang XM, Yang MY, Hilton MB, et al. Eradication of
tumors through simultaneous ablation of CD276/B7-H3-Positive tumor cells and
tumor vasculature. Cancer Cell (2017) 31(4):501-515.e8. doi: 10.1016/
j.ccell.2017.03.005

42. Qin X, Zhang H, Ye D, Dai B, Zhu Y, Shi G. B7-H3 is a new cancer-specific
endothelial marker in clear cell renal cell carcinoma. Onco Targets Ther (2013) 6:1667—
73. doi: 10.2147/0tt.S53565

43. Zang X, Thompson RH, Al-Ahmadie HA, Serio AM, Reuter VE, Eastham JA,
et al. B7-H3 and B7x are highly expressed in human prostate cancer and associated with
disease spread and poor outcome. Proc Natl Acad Sci U S A (2007) 104(49):19458-63.
doi: 10.1073/pnas.0709802104

44. Bin Z, Guangbo Z, Yan G, Huan Z, Desheng L, Xueguang Z. Overexpression of
B7-H3 in CD133+ colorectal cancer cells is associated with cancer progression and
survival in human patients. J Surg Res (2014) 188(2):396-403. doi: 10.1016/
jj$5.2014.01.014

45. Liu Z, Zhang W, Phillips JB, Arora R, McClellan S, Li ], et al. Immunoregulatory
protein B7-H3 regulates cancer stem cell enrichment and drug resistance through
MVP-mediated MEK activation. Oncogene (2019) 38(1):88-102. doi: 10.1038/s41388-
018-0407-9

46. ZhangY, He L, Sadagopan A, Ma T, Dotti G, Wang Y, et al. Targeting radiation-
resistant prostate cancer stem cells by B7-H3 CAR T cells. Mol Cancer Ther (2021) 20
(3):577-88. doi: 10.1158/1535-7163.Mct-20-0446

47. Yonesaka K, Haratani K, Takamura S, Sakai H, Kato R, Takegawa N, et al. B7-
H3 negatively modulates CTL-mediated cancer immunity. Clin Cancer Res (2018) 24
(11):2653-64. doi: 10.1158/1078-0432.Ccr-17-2852

48. Hofmeyer KA, Ray A, Zang X. The contrasting role of B7-H3. Proc Natl Acad Sci
U S A (2008) 105(30):10277-8. doi: 10.1073/pnas.0805458105

49. Brustmann H, Igaz M, Eder C, Brunner A. Epithelial and tumor-associated
endothelial expression of B7-H3 in cervical carcinoma: relation with CD8+
intraepithelial lymphocytes, FIGO stage, and phosphohistone H3 (PHH3) reactivity.
Int ] Gynecol Pathol (2015) 34(2):187-95. doi: 10.1097/pgp.0000000000000116

50. Sun TW, Gao Q, Qiu SJ, Zhou J, Wang XY, Yi Y, et al. B7-H3 is expressed in
human hepatocellular carcinoma and is associated with tumor aggressiveness and
postoperative recurrence. Cancer Immunol Immunother (2012) 61(11):2171-82.
doi: 10.1007/s00262-012-1278-5

51. LiY, Yang X, Wu Y, Zhao K, Ye Z, Zhu J, et al. B7-H3 promotes gastric cancer
cell migration and invasion. Oncotarget (2017) 8(42):71725-35. doi: 10.18632/
oncotarget.17847

frontiersin.org


https://doi.org/10.1080/25785826.2019.1698261
https://doi.org/10.1080/25785826.2019.1698261
https://doi.org/10.1111/j.0105-2896.2006.00391.x
https://doi.org/10.1111/j.0105-2896.2006.00391.x
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1200/JCO.2015.65.1901
https://doi.org/10.1371/journal.pone.0207132
https://doi.org/10.1200/JCO.2006.07.9525
https://doi.org/10.1016/S1470-2045(18)30937-9
https://doi.org/10.1016/S1470-2045(18)30791-5
https://doi.org/10.1016/S0140-6736(10)61121-X
https://doi.org/10.1001/jamaoncol.2018.0013
https://doi.org/10.1002/hep.28710
https://doi.org/10.1007/s00018-018-2906-9
https://doi.org/10.1038/s41416-019-0479-5
https://doi.org/10.1186/s12964-021-00789-w
https://doi.org/10.3389/fimmu.2021.652172
https://doi.org/10.1016/j.clcc.2016.07.009
https://doi.org/10.1016/j.clcc.2016.07.009
https://doi.org/10.1080/2162402X.2018.1450710
https://doi.org/10.1080/2162402X.2018.1450710
https://doi.org/10.1158/0008-5472.CAN-15-2644
https://doi.org/10.1158/0008-5472.CAN-15-2644
https://doi.org/10.3892/ijmm.2012.1212
https://doi.org/10.3892/ijmm.2012.1212
https://doi.org/10.1111/j.1349-7006.2011.01877.x
https://doi.org/10.1016/j.ccell.2017.03.005
https://doi.org/10.1016/j.ccell.2017.03.005
https://doi.org/10.2147/ott.S53565
https://doi.org/10.1073/pnas.0709802104
https://doi.org/10.1016/j.jss.2014.01.014
https://doi.org/10.1016/j.jss.2014.01.014
https://doi.org/10.1038/s41388-018-0407-9
https://doi.org/10.1038/s41388-018-0407-9
https://doi.org/10.1158/1535-7163.Mct-20-0446
https://doi.org/10.1158/1078-0432.Ccr-17-2852
https://doi.org/10.1073/pnas.0805458105
https://doi.org/10.1097/pgp.0000000000000116
https://doi.org/10.1007/s00262-012-1278-5
https://doi.org/10.18632/oncotarget.17847
https://doi.org/10.18632/oncotarget.17847
https://doi.org/10.3389/fimmu.2023.1163136
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

& frontiers | Frontiers in Immunology TYPE Review

@ Check for updates

OPEN ACCESS

EDITED BY

Qun Zhao,

Fourth Hospital of Hebei Medical
University, China

REVIEWED BY

Laiping Zhong,

Shanghai Jiao Tong University, China
Sankar Bhattacharyya,

Sidho Kanho Birsha University, India
Chenglin Zhang,

Shenzhen University, China

Yichuan Pang,

Tongji University, China

*CORRESPONDENCE

Renjun Gu
renjungu@hotmail.com

Pengfei Li
lipengfei@njucm.edu.cn

Xiaogang Qin
502693680@qg.com

These authors have contributed equally to

this work

SPECIALTY SECTION

This article was submitted to
Cancer Immunity

and Immunotherapy,

a section of the journal
Frontiers in Immunology

RECEIVED 07 January 2023
AccepTED 20 March 2023
PUBLISHED 18 April 2023

CITATION
LiuY, Shi Y, Han R, Liu C, Qin X, Li P and
Gu R (2023) Signaling pathways of
oxidative stress response: the potential
therapeutic targets in gastric cancer.
Front. Immunol. 14:1139589.

doi: 10.3389/fimmu.2023.1139589

COPYRIGHT

© 2023 Liu, Shi, Han, Liu, Qin, Li and Gu.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are

credited and that the original publication in

this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

PUBLISHED 18 April 2023
Dol 10.3389/fimmu.2023.1139589

Signaling pathways of oxidative
stress response: the potential
therapeutic targets in

gastric cancer

Yingying Liu™*, Yu Shi*, Ruigin Han*, Chaoge Liu®®,

Xiaogang Qin™, Pengfei Li* and Renjun Gu™

*School of Chinese Medicine & School of Integrated Chinese and Western Medicine, Nanjing
University of Chinese Medicine, Nanjing, China, ?Institute for Immunology and School of Medicine,
Tsinghua University, Beijing, China, sShanghai East Hospital, Tongji University School of Medicine,
Shanghai, China, “State Key Laboratory of Medical Molecular Biology, Department of Biochemistry
and Molecular Biology, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences
and Peking Union Medical College, Beijing, China, *Department of Oromaxillofacial - Head and Neck
Surgery, Tianjin Stomatological Hospital, School of Medicine, Nankai University, Tianjin, China, ¢Tianjin
Key Laboratory of Oral and Maxillofacial Function Reconstruction, Tianjin, China, “Traditional Chinese
Medicine Hospital of Tongzhou District, Nantong, Jiangsu, China, éDepartment of Clinical Laboratory,
Jiangsu Province Hospital of Chinese Medicine, Affiliated Hospital of Nanjing University of Chinese
Medicine, Nanjing, China

Gastric cancer is one of the top causes of cancer-related death globally.
Although novel treatment strategies have been developed, attempts to
eradicate gastric cancer have been proven insufficient. Oxidative stress is
continually produced and continually present in the human body. Increasing
evidences show that oxidative stress contributes significantly to the development
of gastric cancer, either through initiation, promotion, and progression of cancer
cells or causing cell death. As a result, the purpose of this article is to review the
role of oxidative stress response and the subsequent signaling pathways as well
as potential oxidative stress-related therapeutic targets in gastric cancer.
Understanding the pathophysiology of gastric cancer and developing new
therapies for gastric cancer depends on more researches focusing on the
potential contributors to oxidative stress and gastric carcinogenesis.

KEYWORDS

gastric cancer, oxidative stress, signaling pathways, pathophysiology, therapeutic targets

1 Introduction

Gastric cancer is the third most frequent cause of cancer-related death, and the fifth
most diagnosed malignancy around the world (1). Gastric cancer is the major burden in
male, accounting for 20% globally, only to lung and liver cancers (2). Anatomically, true
gastric adenocarcinomas (non-cardia gastric tumors) and gastro-oesophageal junction
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adenocarcinomas (cardia gastric cancers) are two types of gastric
cancer (3). The early stages of gastric cancer are frequently clinically
unconscious, and patients are typically diagnosed at an advanced
stage. The prognosis is poor once the neoplastic cells invade the
muscularis propria, with the 5-year survival is almost 25% in
Europe and US (4-6). With the development of economy and
living standards, the prevalence of Helicobacter pylori (H. pylori)
which is the key risk factor of non-cardia gastric cancer has
decreased (7). Despite a consistent decrease in the rates of
morbidity and mortality, more cases of gastric cancer can be seen
in the future because of ageing populations (8). The disease’s late
diagnosis and high mortality rate reveal a lack of knowledge
regarding its etiology and pathology, as well as the absence of
efficient treatments. Generally, gastric cancer is a consequence of
the multifactorial interplay between host genetics, microbial factors,
nutrition, and environmental milieu (9), where it is thought that
oxidative stress plays a crucial role in the occurrence and
development of gastric cancer.

Oxidative stress is the result of an imbalance of reactive oxygen
species (ROS) production and natural antioxidant defenses, which
can damage biological molecules and cells, with possible effects on
the entire organism (10). Numerous studies demonstrate the tight
relationship between ROS and cancer, indicating that cancer cells
produced more ROS than healthy cells did (11). Increased ROS
levels are thought to have an oncogenic effect, inducing DNA
damage and chromosomal instability to activate proto-oncogenes
and inactivate tumor suppressor genes (12, 13). Additionally, ROS
also serve as signaling molecules in cancer, which affect receptor
and oncogene activity, as well as alter several signaling pathways or
oxidizing enzymes, facilitating tumorigenesis, angiogenesis, cellular
proliferation, invasiveness, and metastasis (14). However, excessive
intracellular levels of ROS may promote cell death by damaging
proteins, lipid bilayers, and chromosomes. Therefore, cancer cells
must fight against high level of ROS to strive for progression and

TABLE 1 Formation of major oxidants.

10.3389/fimmu.2023.1139589

develop resistance to apoptosis through antioxidant defense
systems, especially at early stages (15). For this reason, both
eliminating and elevating ROS production are potentially effective
cancer therapies despite the fact that it is a challenging notion.

According to studies, increased levels of oxidative stress are
found in individuals with gastric cancer, and this contributes to the
development of gastric cancer (16). The significance of the link
between oxidative stress and gastric cancer is becoming increasingly
clear. This article reviews the current knowledge on the roles of
oxidative stress in gastric cancer and the potential therapeutic
applications of manipulating related signaling pathways in
oxidative stress.

2 ROS production and quench

The human body continuously produces ROS which are
oxygen-containing oxidants with reactive properties, represented
as oxygen radicals including superoxide anions ( O3), hydroxyl
(HO-), alkoxyl (RO-), peroxyl (RO,-), and certain nonradicals either
oxidizing agents and/or easily converted to radical including
hydrogen peroxide (H,O,), hypochlorous acid (HOCI), singlet
oxygen (0,) and ozone (Os) (17). Reactive nitrogen species
(RNS) are nitrogen-containing chemical species, which can
damage cells via nitrosative stress. Reactive nitrogen species
(RNS) include nitric oxide (-NO), nonradical compounds,
peroxynitrite (ONOO?), nitrogen dioxide (-NO,) and dinitrogen
trioxide (N,O3) (18) (Table 1). Most of these molecules are
produced from oxygen in numerous metabolic processes
occurring throughout the body, which primarily take place in the
mitochondria, endoplasmic reticulum (ER) and peroxisomes.
Approximately 2% of the oxygen consumed by the mitochondria
is converted into superoxide, making it one of the largest sources of
endogenous ROS (19). Peroxisomes mediate the production of ROS

Oxidant Formula Equation
Superoxide anion 02- - NADPH + 20, — 202- - + NADP" + H*
Xanthine + 20, + NAD(P)H — Uric acid + 202- — + NAD(P) * + H"
Hypoxanthine + 20, + NAD(P)H — Xanthine + 202-— + NAD(P) " + H*
Hydrogen peroxide H,0, Hypoxantine + H,O + O, — Xanthine+ H,0,
Xanthine + H,O + O, — Uric acid+ H,0,
Hydroxyl radical OH~ Fe** + H,0, — Fe’*+OH™ + OH
Singlet oxygen '0, HOCI — 'O, + H + CI”
Peroxyl radicals ROO R + O, — ROO
Hypochlorous HOCI H,0, + CI” + H"— HOCI + H,0
acid
Hydroperoxyl HOO- 0, + H,0 & HOO- + OH"
radical
Nitric oxide -NO L-arginine + O,—-NO + citrulline + 2H,0
Nitrogen dioxide NO, RNH2 — -NO — NO, — :NO, — NOj3
Peroxynitrite anion ONOO™ NO- + O, — ONOO™
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via B-oxidation of fatty acid and flavin oxidase reaction and
degrading ROS via catalase-mediated breakdown of H,O, (20).
The ER provides an oxidizing environment, which promotes the
protein folding and acts as a source of ROS (21).

Enzymatic and non-enzymatic reactions are both necessary for
ROS and RNS production. The main enzymes involved in
enzymatic reactions are uncoupled endothelial nitric oxide
synthase (eNOS), NADPH oxidase (NOX), xanthine oxidase
(XO), arachidonic acid (ARA), peroxidase, and metabolic
enzymes such the cytochrome P450 system, cyclooxygenase, and
lipoxygenase. The major source of ROS comes from non-enzymatic
processes in the mitochondrial respiratory chain (22). Generally,
ROS are by-products of biological metabolism in healthy
organisms, though at lower amounts, which activate different
signaling pathways to promote survival, proliferation, or
resistance to oxidative stress (15). However, numerous factors,
including hypoxia, ER stress, infection, inflammation,
environmental toxins, nutrition, and mitochondrial respiration,
all participate in the excessive ROS generation in cells.

Everything has two sides, and it is crucial for cell to regulate
ROS levels to avoid oxidative stress. Cells have developed
antioxidant defense mechanisms to scavenge ROS in maintaining
homeostasis. A number of nonenzymatic and enzymatic
antioxidant defense mechanisms are responsible for neutralizing
ROS. The nonenzymatic defense system includes glutathione
(GSH), flavonoids, dietary antioxidants such as vitamins A, C,
and E, selenium and B—carotene (23). The enzymatic antioxidant
system includes superoxide dismutase (SOD), glutathione
peroxidase (GPX), catalase (CAT), peroxiredoxin (PRX),
glutathione S-transferases (GST), glutathione reductase (GSR) and
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thioredoxin reductase (TRX) (24-26). It is important for cells to use
these antioxidant defense mechanisms to regulate ROS levels to
avoid oxidative stress. However, oxidative stress happens when the
antioxidant defense system of body is overwhelmed by the
production of ROS (Figure 1). Oxidative stress is involved in
numerous human diseases, such as neurodegenerative disease,
cancer, cardiovascular disease, inflammatory disease, immune
system dysfunctions, allergy, diabetes, aging. For instance,
inflammatory cells release chemical mediators of inflammation,
particularly ROS. Due to their high reactivity, ROS typically oxidize
targets with or adjacent to the intracellular compartment where
they are produced, affecting surrounding neighboring cells.

3 Factors causing oxidative stress in
gastric cancer

3.1 H. pylori and oxidative stress

A gram-negative, microaerophilic bacteria called H. pylori infects
over 4.4 billion (or 59% of) people worldwide (7). The human gastric
mucosa is selectively colonized by H. pylori, which can cause
gastroduodenal diseases including chronic gastritis, mucosa-
associated lymphoid tissue (MALT) lymphoma, peptic ulcers, and
gastric adenocarcinoma (27). Sinus gastritis affects 10%-15% of H.
pylori-infected patients and may potentially be connected to their own
concurrent hypergastrinemia (28). Potential long-term complications
for the patients include duodenal ulcers, intestinal metaplasia with
dysplasia, gastric adenocarcinoma (non-cardia intestinal-type), and
spontaneous diffuse gastric cancer (29). H. pylori can cause gastric
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FIGURE 1

The major oxidant and antioxidant systems. NOX, NADPH oxidase; XO, xanthine oxidase; SOD, superoxide dismutase; CAT, catalase; GPX,
glutathione peroxidase; GSH, glutathione; GSSG, reduced glutathione; GST, glutathione S-transferase; H,O,, hydrogen peroxide; ONOO-,
peroxynitrite; HO-, hydroxyl radical; O, superoxide; 0, singlet oxygen; Fe?*, Iron (I); Fe**, Iron(lll); ROS, reactive oxygen species; RNS, reactive

nitrogen species.
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lymphoma adenocarcinoma or gastric MALT lymphoma when it
clings to the underlying epithelium (30, 31).

The principal producers of ROS and RNS in the body are
neutrophils, macrophages and gastric epithelial cells (32)
(Figure 2). In order to kill bacteria, NOX on the neutrophil
membrane catalyzes the production of ROS (33). In an effort to
eradicate the infection, phagocytic cells flood the area where H. pylori
is present. In an effort to eliminate the bacteria, both neutrophils and
macrophages phagocytose produce ROS. Additionally, the inducible
nitric oxide synthase (iNOS), a crucial enzyme producing Nitric
oxide, is expressed in the host neutrophils and epithelial cells (34).
Despite the fact that H. pylori activates a strong innate and adaptive
response, the human immune system is typically unable to
completely eliminate the infection (35). DNA damage, oxidative
stress, and chronic inflammation are all directly caused by this
inadequate immune response (36). Patients with H. pylori
infections exhibit higher amounts of ROS and NO-derived
metabolites, which show that iNOS has been activated (37).
Compared with phagocytic cells, the epithelial cells produce ROS at
a much lower, which are involved in redox-sensitive signaling
pathways but may not directly eradicate H. pylori (38). It is also
known that the dual oxidases on the gastric epithelial cells produce
H,O, in response to infection, which likewise increases the levels of
ROS (39). The environment of oxidative stress is available by the
interaction of ROS generated by phagocytic and epithelial cell, which
result in the growth of gastric cancer. On the one hand, one of the
main causes of gastric cancer is oxidative stress by H. pylori infection.

The main cause is oxidative stress by H. pylori infection in
gastric cancer. Tumor forms by H. pylori water extract via ROS
production (40). Reactive oxygen metabolites are terminated by H.
pylori treatment to eliminate the infections (41). It was feasible to
ascertain the impact of bacterial eradication on oxidative stress of
mucosal by contrasting the levels of nitrotyrosine and 8-hydroxy-2’-
deoxyguanosine (8-oxo-dG) in antral biopsies from patients with
peptic ulcer and chronic atrophic gastritis before and after

10.3389/fimmu.2023.1139589

eradication. Human gastric mucosa experiences less oxidative
stress when H. pylori is removed (42). The infection of H. pylori
can be cured by prescribed vitamins E and C with antibody therapy
(43). According to recent studies, H. pylori-infected gastric
epithelial cells produce more ROS than healthy cells do. This
increased ROS production may contribute to the infection-related
apoptosis (44). Furthermore, numerous virulence factors in H.
pylori strains may lead to oxidative stress in the host. There is a
higher risk of gastric carcinogenesis in patients infected with CagA-
positive compared to CagA-negative strains (45). Elevated
hydrogen peroxide levels and oxidative DNA damage are shown
in CagA positive strains (46). IL8 and tumor necrosis factor (TNF),
markers of oxidative stress and inflammation, are also increasing
(47). Despite the fact that the exact mechanism by which CagA
causes carcinogenesis is still unknown, it is evident that these
actions can contribute to raising the chance of developing gastric
cancer (48). On the other hand, gastric cells can protect themselves
against oxidative stress by producing scavenger molecules.

Gastric cells can protect themselves against oxidative stress by
producing scavenger molecules. Metallothioneins are important
components in preventing H. pylori-induced gastric erosive
lesions in the animal model (49). Other antioxidant systems
include those that control energy metabolism globally, such as
AMP-activated protein kinase (AMPK) (50) and the
cytoprotective activity of nuclear factor (erythroid-derived 2)-like
2 (Nrf2) (51). At the same time, H. Pylori has also developed
oxidative stress defense mechanisms that might encourage the
acquisition of potentially cancerous traits and accelerate the
development of the condition into gastric cancer (52). For
example, NO levels and superoxide dismutase activity were found
to have a relevant and reverse association in gastric juice of patients
suffering from H. pylori (53). Isogenic mutants deficient in the
activities of thioredoxin (54), catalase (KatA) (55), NADPH
quinone reductase (56), and superoxide dismutase (46) are
sensitive to host colonization and susceptible to oxidative damage.
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Besides, it is interesting to note that the bacteria also produce
ROS (32).

3.2 Smoking and oxidative stress in
gastric cancer

Tobacco smoke from tar and gas phases maintain a variety of
compounds, including unstable free radicals and ROS, which can
harm organism through oxidative stress. The burning of tobacco
produces ROS in the gas phase inhaled by smokers, as part of the
mainstream smoke (57). Several rather stable free radicals in the tar
phase are included in the tarry matrix, such as the quinone/
hydroquinone (Q/QH2) complex (58). This Q/QH2 polymer may
act as the redox system by converting pulmonary O, to O; or
additional free radicals like H,O, and -OH (59). Another crucial
point is that, when an individual’s antioxidant defense system is
weak or saturated, inhaling additional ROS or other reactive
metabolites produced by the biotransformation of chemicals in
tobacco smoke can increase the amount of oxidative stress
caused by the gas-phase and tar-phase derived ROS (60). In
addition, tar builds up in the lungs from cigarette smoke particles
and processes, producing an aqueous solution that goes through
redox cycling to produce different reactive species, causing damage
subsequently (61).

Increasing data indicate that the release of ROS from smoking
and the subsequent oxidative stress have a substantial impact on
inflammation and carcinogenesis. Estimates suggest that tobacco
use causes about 80,000 cases of gastric cancer annually (11% of all
estimated cases) (62). Despite the decline among population-
attributable fractions, smoking remained the main risk factor for

Epithelial cell

FIGURE 3
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men’s gastric cancer in 2012, where the incidence is substantially
higher in 2020 (63). Healthy smokers may be more susceptible to
oxidant-mediated tissue damage and gastric cancer because of their
poor antioxidant level. The levels of thiobarbituric acid reactive
substances (TBARS) are higher in smokers than in non-smokers
with gastric cancer, and smokers have lower levels of SOD, CAT,
GPX, GST, GSR and decreased vitamins A, E, and C (64). Low-
density lipoprotein cholesterol, high-density lipoprotein cholesterol
and total cholesterol all dramatically rise in non-smokers while
falling in smokers, whereas these reduced in smokers (65). It has
been discovered that antioxidant-rich diet significantly influenced
smokers’ cellular stress protection (66). Plasma levels of
malondialdehyde (MDA) were substantially higher and melatonin
levels were substantially lower in smokers than non-smokers, which
appears that melatonin can lessen the respiratory system damage
caused by free radicals brought on by cigarette smoke (67).

4 Oxidative stress in gastric cancer
4.1 Gastric carcinogenesis

Under oxidative stress, increased ROS in cells may harm tissues
and trigger carcinogenesis, especially in the gastrointestinal system
(Figure 3). ROS are initiating factor in gastric carcinogenesis in both
humans and mice. Serum and tissue samples from the human
gastrointestinal have dysregulated ROS levels (41). In mice gastric
cancer models induced by H. pylori and N-methyl-N’nitro-
N’nitrosoguanidine (MNNG), the downstream pathways P53,
Wnt, Ras, and mTOR are activated by ROS (70, 71). Proviral
insertion in murine lymphomas 2 (PIM2) is reported to act as an

ROS and its pathophysiological effects in gastric carcinogenesis. At low to moderate concentrations, ROS function as signaling molecules that
support cellular differentiation and proliferation and activate survival pathways in response to stress. Excessive ROS harms lipids, proteins, and DNA,
causing mucosal injury and trigger carcinogenesis. Reactive aldehydes include 4-hydroxynonenal and other aldehydes (68). The mutator phenotype

is shown by the self-directed arrow at mutation (69).
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oncogene in gastric cancer, controlling apoptosis via ROS-triggered
ER stress, and promoting the development of gastric cancer (72). 13
biomarkers including B-catenin, C-MYC, GATA-4, CXCL13,
DAPKI1, TIMP3, DC-SIGN, EGFR, PIM2, GRIN2B, SLC5AS,
VCAM-1 and CDHI1 are related to the development of gastric
cancer, and six of them including B-catenin, DC-SIGN, C-MYC,
EGFR, CXCL13 and PIM2 have been reported overexpressed in
gastric tissue from infected children and gastric cancer patients (73).
Moreover, it has been shown that stomach cancer is more likely to
develop as a result of the oxidative stress brought on by CagA-
positive bacteria (74), in which H pylori CagA produces cells with
oxidative DNA damage by inducing spermine oxidase (SMO), and a
portion of these cells are apoptosis-resistant and therefore highly
susceptible to developing cancer (75). Oxidative stress can cause
DNA damage caused by H pylori infection. In vitro investigations
have demonstrated that cells infected with H pylori that have
defective DNA repair systems experience increased oxidative
stress and DNA damage (76). In vivo studies using mice lacking a
component of the base excision repair process revealed significant
stomach lesions after H pylori infection (46). H. pylori’s propensity
to generate DNA strand breaks undoubtedly contributes to genomic
instability and may aid in carcinogenesis (77). NO can block 8-
oxoguanine glycosylase from removing DNA mutations. Research
has revealed that H. pylori infection increases phosphohistone
H2AX, a marker of repair for double-strand DNA breaks (46). It
has been reported that 8-hydroxy-2’deoxyguanosine buildup causes
DNA damage. The loss of a base following damage would create an
abasic site, which could result in a single-strand break in the DNA.
Inadequate repair or continuous damage may cause double-strand
breaks in the DNA, though DNA strands can be produced in
various ways (46). If a cell does not heal enough fractures, it
may die.

Tumor hypoxia is well recognized in oncology as a major cause
of therapy resistance and poor prognosis. Hypoxia promotes the
production of several gene products implicated in tumor
development, invasion, and metastasis formation of gastric
cancer. Hypoxia causes the production of ROS, which inhibit the
degradation of the hypoxia-inducible factor 1 (HIF-1) (78).
Subsequently, HIF-1o. influences the expression of numerous
genes that are crucial for gastric carcinogenesis. For instance,
Angiogenesis is promoted by HIF-1 to stimulate the vascular
endothelial growth factor (VEGF) pathway in gastric cancer (79).
Caveolin-1 (Cav-1) is expressed less while induced by HIF-1, which
regulates E-cadherin to cause the epithelial-mesenchymal transition
(EMT) in gastric cancer (80). On the other hand, as a signaling
molecule, ROS activates vital signaling pathways that are crucial to
promote the onset and progression of gastric cancer. ROS, also as a
second messenger, can activate tyrosine kinases and MAPK which
promote cell development (81), and the protein kinase-B (Akt)/
mTOR signaling pathway which promotes cell growth of gastric
cancer (82). Additionally, ROS activates nuclear factor-B (NF-xB),
facilitating invasion of gastric cancer (83).

Furthermore, H. pylori-colonized mucosal cells with deficient
DNA repair systems are more vulnerable to oxidative stress and
DNA damage (84). Spermine oxidase (SMOX) is activated in H.
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pylori in gastric epithelial cells, leading to oxidative stress (85). DNA
damage promotes mutations of suppressor in tumor such as
calcium/calmodulin dependent serine protein kinase (CASK),
p53, as well as stimulation of the epidermal growth factor
receptor (EFGR) signaling pathway, which are important early
events in gastric carcinogenesis (86, 87). H. pylori colonization
also negatively affects the expression of antioxidant proteins, along
with epigenetic modifications and DNA methylation, such as
GATA-4, GATA-5 and TWIST-1 (88), as well as miRNAs
dysregulation, such as mir-21, mir-92a, mir-27a, mir-146a, mir-
326, mir-155 and mir-663 (73, 89). It has been demonstrated that
the expression of the purine-free/pyrimidine-free nucleic acid
endonuclease 1 (APE1l) is downregulated in gastric host cells
infected with H. pylori, which ultimately reduces T-cell capacity
for repair, increasing the likelihood of DNA carboxy-terminal
genetic alterations. The oxidative stress defensive factors such as
FOXO1, are known to be inhibited by miR-27a, which is recognized
as an oncogenic miRNA in gastric cancer (90). miR-328 is
downregulated in H. pylori -infected gastritis (90), and the low
level of miR-328 activates CD44 to promote the differentiation of
gastric stem cell (68). H. pylori increases the expression of miR-210
by controlling its methylation, which in turn suppressed dimethyl
adenosine transferase 1 (DIMT1) and oncoprotein 18 or
metablastic (STMN1), which promotes the proliferation of gastric
epithelial cells (69). Due to the methylation of the gene promoter
region by ROS, H. pylori infection may change the expression of
miRNAs in oxidative stress, interfering with the methylation of
miRNAs, which may contribute to the mechanism triggering the

onset of gastric carcinogenesis.

4.2 Gastric adenocarcinoma and
gastric cancer

The process of developing gastric cancer involves several stages,
beginning with the change from normal mucosa to chronic
superficial gastritis (non-atrophic gastritis). Atrophic gastritis,
intestinal metaplasia, dysplasia and adenocarcinoma, among other
conditions can be caused by gastritis (91). Gastritis caused by H.
pylori is the only condition that always precedes diffuse gastric
cancer. According to Correa’s idea, a series of events initiating with
chronic superficial gastritis and progressing from atrophic gastritis,
intestinal metaplasia, and dysplasia to gastric cancer (92). The
especially high risk of cancer exists in people who have antibodies
to the CagA protein, which is a marker for the more inflammatory
and virulent strain of H. pylori that carries a pathogenicity island of
genes. According to a meta-analysis of research, CagA-positive
strains are two times more likely than CagA-negative strains to
cause noncardia gastric cancer (93). The cag” H. pylori strains have
a stronger connection to gastric carcinogenesis than strains without
cag (94). ROS or RNS production is substantially increased in
vascular endothelium, gastric mucosa infected with H. pylori, and
neutrophils aggregated in inflammatory mucosa (93). Following H.
pylori infection, phagocytes that have gathered in the stomach
mucosa produce O2-, HO-, and HOCI (95). Rat gastric mucosal
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cells have been shown to undergo apoptosis when exposed to
NH,CI (96).

Epstein-Barr virus (EBV) is recognized as a pathogen that
causes stomach cancer. Nearly 10% of cases of gastric cancer are
EBV-associated gastric cancer, which is the monoclonal
proliferation of epithelial cells infected with EBV that only
express a few EBV-latent genes (Latency I program) (97). The
production of NH,Cl by infiltrating neutrophils can convert latent
EBV into lytic EBV in the H. pylori-infected gastric, which may
further contribute to gastric carcinogenesis (98). Although the
function of the ROS generated by infected gastric epithelial cells
is not fully known, it is thought that these ROS trigger signaling
processes that control how H. pylori pathogenesis develops.

H. pylori infection directly causes oxidative stress in gastric
epithelial cells by the production of ROS, and it also stimulates host
responses that result in ROS and controls the production of
proinflammatory cytokines, inflammation, and cell death (99).
Continuous ROS production results in oncogene and tumor
suppressor gene changes, as well as chromosomal abnormalities
by oxidative genome damage, which includes the oxidation of
guanine to form 8-OhdG and 8-oxo,7,8-dihydroguanosine (8-
OHG) in RNA and DNA (100).

When compared to normal mucosa, gastric adenoma and H.
pylori-infected or uninfected cancer tissues express ROS and APE1/
Refl more mucosally (101). As a result of H. pylori infection, both
the gastrointestinal lumen and gastric juice ascorbic acid content
decrease. This antioxidant lessens the effects of carcinogens by
lowering carcinogenic substances including nitrosamines and ROS.
Depleting cellular antioxidants makes ROS more effective at killing
cancer cells because this is the traditional treatment strategy for
doing so. Perhaps, the disease can be regulated by blocking different
antioxidant systems during neoadjuvant treatments.

4.3 Gastric lymphoma

Gastric MALT lymphomas are a slow-growing type of non-
Hodgkins lymphoma, developed from the extranodal marginal zone
of lymphoid follicles (102). Gastric MALT lymphoma is an
illustration of the intimate pathogenetic relationship between
chronic inflammation and tumor development. Approximately
92% of gastric MALT lymphomas have a tight connection to H.
pylori infection which makes H. pylori easier to develop and diffuse
(103). The H. pylori strains linked to gastric MALT lymphoma are
less virulent than those linked to gastric adenocarcinoma. The latter
strains may have the VacA m2 gene without the CagPAI, which
could make H. pylori carriers easier to develop diffuse large B-cell
lymphoma (104). H. pylori infection increased the incidence of low-
grade gastric MALT lymphoma by an odds ratio of 2.8 times
compared with H. pylori-negative individuals (105). Within
gastric MALT lymphomas, T lymphocytes activated by H. pylori
are responsible for B-cell proliferation (106).
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Most individuals with early-stage H. pylori disease have been in
durable remission for more than ten years after completing a single
brief course of combination antibiotic therapy. A meta-analysis of
more than 30 trials found that the overall remission rate of MALT
lymphomas with a low histological grade that is restricted to the
perigastric lymph nodes or the gastric wall (stage I or stage IIe;
illness) was 78% (107). Therefore, preventive removal of H. pylori is
particularly helpful in reversing MALT lymphoma either in the
early MALT stage or in the late bone marrow-involved stage.
However, the recurring possibility of MALT lymphoma should
not be ignored because it frequently returns several years following
surgery, which may due to risk factors for gastric cancer have not
been totally blocked.

Gastric MALT lymphoma is regarded as one of the greatest
models for understanding how genetic events contribute to
oncogenesis, influence tumor biology, govern clinical behavior,
and represent feasible treatment targets. Genetic aberrations arise
through the release of ROS, H. pylori-induced endonucleases, and
other effects. Stronger oxidative stress is caused by H. pylori strains
originating from gastric cancer in the host, and these strains may
have suppressive effects on the host’s GSH-related defensive
mechanisms (108). Surprisingly, the nucleotide-binding
oligomerization domain protein 2 (NOD2) functions as a
receptor for pattern recognition. H. pylori activates NF-xB
signaling via NOD2. However, the NF-xB signaling is
uncontrolled when the R702W gene is mutated, protecting the
organism against the harm caused by oxidative stress induced by H.
pylori (109). Thus, it is essential to consider how the gastric MALT
lymphoma is influenced by the NOD2 gene (110) (Table 2).

5 Potential oxidative stress-related
therapeutic targets in gastric cancer

Regulation of redox homeostasis is crucial because increasing
oxidative stress has a role in all stages of carcinogenesis either
initiating/stimulating tumorigenesis and promoting cancer cells
transformation/proliferation or leading to cell death. Enhancing
antioxidant defense capability decreases ROS as a result of one
strategy (Table 3). However, utilizing antioxidants has been shown
to change the effectiveness of treatment and, in some cases, even
speed up the development of tumors.

According to a recent study, the garlic compound S-allyl
cysteine has anti-inflammatory and antioxidant properties, which
greatly raises the GSH levels in the liver, gastric tissue, and serum of
rat models of gastric cancer, and lowers the risk of developing
gastric cancer (156). In experimental settings using AGS cells
infected with H. pylori strains, GSH levels are lower in individuals
with gastric cancer than in those with duodenal ulcers, indicating a
more severe oxidative stress response to gastric cancer with H.
pylori infection (157). The level of GSH and the ratio of GSSG/GSH
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TABLE 2 A partial list of signaling pathways linked to oxidative stress in
gastric cancer.

Cell cycle regulators: Cyclin D and Cyclin E; (111, 112)
p53, p21Va/CiPT gpd p27kiPt (113, 114)
COX-2/PGE2 and LOX/leukotrienes signaling (115-118)
E-cadherin and Wnt/B-catenin signaling (119, 120)
EGFR, HER2 and Ras/MAPK signaling (121, 122)
FAK signaling (123, 124)
Grb2/HER?2 signaling (125)
Hedgehog signaling (126)
HIF-1o signaling pathway (127, 128)
Hippo signaling Pathway (129, 130)
JAK/STAT signaling (131)
Matrix metalloproteinase and plasminogen activator system (132, 133)
MUCI mucin-mediated signaling pathways (134)
NF-kB signaling (135)
Notch signaling (136)
PI3K/AKT/mTOR signaling (137, 138)
PGD2/PTGDR2 signaling (139)
STAT3 pathway (140, 141)
TLR4 signaling (142)
TGF, bone morphogenetic protein and activin signaling (143, 144)
VEGFR-3 signaling (145)
WNT-B-catenin-TCF signaling pathway (146)

significantly decline in patients of gastric cancer with H. pylori
infection, and glutamine levels are also low. Additionally, the
production of hydrogen peroxide is encouraged, aggravating the
effects of oxidative stress. However, GSH therapy is proved
successful in alleviating the high ROS buildup (158). In
conclusion, intestinalization in the gastric host cells is caused by
low GSH levels. Therefore, the risk of H. pylori-induced
carcinogenesis of gastric mucosal may be ameliorated in rats by
raising their GSH levels, which may also prevent oxidative stress
damage (108).

Antioxidants, such as vitamin E and selenium, have been the
subject of numerous research in this context. In 1993, the first large,
randomized, double-blind, primary prevention trial to investigate
the potential cancer prevention benefits of supplementing with
vitamin E, selenium and B-carotene was conducted, and the
cocktail has been found to dramatically lower mortality from
gastric cancer (159). Interestingly, the protective effects of these
antioxidants can still be noticeable ten years after the end of
supplementation (160). Clinical studies have shown that
consistent oral dose of B-carotene is advantageous for lowering

Frontiers in Immunology

10.3389/fimmu.2023.1139589

bacterial colonization by 48% (151). It has been proposed that
intake of diet rich in vitamin C, carotenoids, and alpha-lipoic acid
(0-LA) may lessen the morbidity of gastric disease linked to H.
pylori infection. a-LA, a naturally occurring dithiol with
antioxidant and anti-inflammatory function, can decrease the
interaction between Nrf2 and Keapl, inhibit the pro-
inflammatory cytokine IL-8 production and minimize the
infection via the Nrf2/HO-1 pathway in the AGS cells (161). It is
reported that omega-3 fatty acids inhibit the oxidation of
polyunsaturated long-chain fatty acids and boost the antioxidant
and anti-inflammatory effects of other nutrients (162). However,
omega-3 may result in oxidative stress, and the process is associated
with the suppression of the production of antioxidant enzymes.
Therefore, antibiotics such clarithromycin, metronidazole,
quinolones, amoxicillin, and tetracycline to counteract the
oxidative effects of omega-3 is recommended (74). The expression
of SOD2 (Mn-SOD), superoxide anion scavenger, is elevated, but
the expression of SOD1 (copper/zincSOD) is decreased while
comparing gastric cancer tissues with their matching normal
mucosa. In specifically, the Mn-SOD ratio (levels in normal and
malignant tissue) is demonstrated as an independent predictive
indicator in patients of gastric cancer, and it appears to be
therapeutically relevant for the survival of patients, the higher the
ratio, the poorer overall survival (163). MnSOD is elevated in
primary tumors with lymph node metastases while comparing
gastric cancer patients with and without metastasis, indicating
that MnSOD and ROS are involved in metastasis (164).

More importantly, it is necessary to block oxidative stress
completely sometimes. For instance, HsrA, the in vivo exclusive
regulator for epsilon proteobacteria, is involved in altering redox
homeostasis and protein expression. Consequently, it may serve as a
potential therapeutic target to eradicate H. pylori (153, 165). The
increased expression of apoptosis-regulated gene in the gastric host
cells of patients with H. pylori infection, such as BID, ZMATS3,
PMAIP1 and FAS, can also be successfully controlled by the
combination of curcumin and Res, which causes apoptosis to
decline (166, 167).

TABLE 3 Antioxidant therapy.

Compound Target Reference
GSK2606414 PERK (147)
(GlaxoSmithKline)
Statins Autophagy (148)
Gastrin Autophagy (149)
S-allyl cysteine GSH (150)
B-carotene NADPH oxidase (151)
Omega-3 fatty acids Inflammatory and antioxidant (152)
HsrA Protein expression (153, 154)
and redox homeostasis
Curcumin and Res Apoptosis-regulated genes (155)
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6 Conclusion

Gastric cancer is the third leading cause of cancer-related death
worldwide. Free radicals and oxidative stress are continuously
imposed upon cells in tissues and organs on a regular basis. More
and more evidences show that ROS functions an essential role in the
gastric cancer. Despite a number of mechanisms have been
discussed in this review, most of the ROS-induced signaling
targets are yet unknown. The elevated ROS production in gastric
cancer can initiate genotoxic consequences, contributing to genetic
instability, DNA damage, metabolic adaptation, drug resistance and
occasional cell death. However, certain amounts of ROS can be
advantageous because they trigger the antioxidant defense system
and shield cells. There is an urgent need to find selective and readily
available therapeutic therapies for gastric cancer and gastric cancer-
predisposed patients. In order to treat and prevent ROS in gastric
cancer, it may be crucial to focus on the enhancement of ROS by
neutralizing antioxidants to induce cancer cell death, and the
inhibition of ROS activity or increase of antioxidant capacity to
regulate pro-tumorigenic signaling pathways. Nevertheless,
considering that multiple studies have connected some dietary
antioxidants with a rise in cancer incidence, it will be crucial to
thoroughly investigate all biochemical reactions within cancer cells,
including their precise targets and downstream effects while
boosting antioxidant capacity. More researches are needed to put
on the agenda to explore the function of elevated ROS and identify
the exact ROS target pathways that will be most beneficial in
treating gastric cancer.
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Objective: To explore new biomarkers related to microsatellite instability in order
to better predict prognosis and guide medication.

Methods: The “limma” R package was used to identify differentially expressed
genes in GSE24514, and then weighted correlation network analysis was used to
select key genes. Different cell types in the tumor microenvironment were
identified and analyzed by single-cell sequencing, with a Lasso regression
model used to screen prognostic variables. Furthermore, the correlation
between microsatellite instability and potential prognostic variables was
explored, as well as the expression characteristics and clinical characteristics of
the prognostic variables in the TCGA, UALCAN, and HPA databases. PCR assay
was used to investigate the expression of SLC4A4 in colorectal cancer cell lines.
Finally, we further verified the expression of SLC4A4 by immunohistochemistry.

Results: First, 844 differentially expressed genes in GSE24514 were identified.
Subsequently, weighted co-expression network analysis (WGCNA) of GSE24514
obtained all the genes significantly associated with microsatellite instability (MSI),
a total of 1452. Analysis of GSE166555 single cell sequencing data set yielded
1564 differentially expressed genes. The gene sets obtained from the above three
analysis processes were intersected, and 174 genes were finally obtained. The
Lasso regression model revealed two potential prognostic genes, TIMP1 and
SLC4A4, of which, there was a stronger correlation between microsatellite
instability and SLC4A4. The mRNA and protein expression of SLC4A4 was
significantly decreased in tumors, and patients with low SLC4A4 expression
had a poor prognosis. In addition, SLC4A4 was specifically expressed in
epithelial cells. In the microenvironment of colorectal cancer, malignant cells
have a strong interaction with different stromal cells. PCR showed that SLC4A4
was significantly down-regulated in colorectal cancer cell lines Caco-2, HCT116
and HT29 compared with normal control NCM460 cell lines.
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Immunohistochemistry also showed low expression of SLC4A4 in colorectal

cancer.

Conclusion: SLC4A4, as a tumor suppressor gene, is significantly downregulated
and positively correlated with microsatellite instability, thus it may be combined
with microsatellite instability to quide colorectal cancer treatment.

KEYWORDS

microsatellite instability, single-cell sequencing, colorectal cancer, biomarker, Slc4a4

Introduction

Colorectal cancer (CRC) is one of the most common
gastrointestinal malignancies in the world, which is characterized
by its high incidence and recurrence rate (1). The liver is the most
common site of metastasis, and the 1-,3-and 5-year survival rates of
patients with liver metastasis are far from satisfactory (2).
According to statistics, there are more than 1.8 million new cases
in the world every year (3). At present, due to the great progress in
the pathophysiology of colorectal cancer, the treatment options
have also increased, including endoscopic and surgical resection,
radiotherapy, immunotherapy, targeted therapy, and local ablation
(4-7). However, CRC is still the third most frequently diagnosed
cancer and the second leading cause of cancer death worldwide due
to imperfect screening programs, treatment strategies, and
increased incidence (8). Therefore, identifying predictive
biomarkers and revealing supporting mechanisms are urgently
needed when predicting and treating CRC. The large-scale
sequencing cancer genome project has identified biomarkers with
potential clinical and therapeutic value, including microsatellite
instability (MSI). In normal cells, the mismatch repair (MMR)
system verifies and maintains the repeated count of microsatellites
during cell division, which is one of the cellular DNA repair
mechanisms. The damage to the MMR system causes cells to be
unable to adjust the length of their microsatellite during cell
division, known as MSIL.

After several cell division cycles, the damaged cells will develop cells
with different lengths of microsatellite sequences. MSI is often observed
in colorectal cancer, endometrial cancer, and gastric adenocarcinoma
and has been used in treating colorectal cancer with an improved
prognosis of patients with MSI-H (MSI-high) colorectal cancer
compared to patients with MSI-L (MSI-low) tumor. In addition,
MSI-H colorectal tumors have been proven to be more susceptible to
immune enhancement therapy. In 2019, FDA approved
pembrolizumab for the treatment of patients with advanced MSI
tumors (9), indicating that a programmed death 1 receptor (PD-1)
blockade has become a highly relevant treatment choice for this patient
group, regardless of tumor site or histology (10).

The solute carrier (SLC) family is a group of membrane
transport proteins that play critical roles in the transportation of
various metabolites, nutrients, and drugs across cell membranes.
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Dysregulation of SLC proteins has been implicated in the
development and progression of various cancers, including breast,
lung, prostate, and colorectal cancer (11). Studies have shown that
alterations in SLC expression and activity can affect tumor cell
growth, survival, and metastasis.

For instance, SLC transporters have been found to play a role in
the uptake of nutrients such as glucose and amino acids, which are
essential for cancer cell metabolism and growth. The upregulation
of SLC transporters, such as SLC7A5 and SLCIA5, has been
observed in various cancer types and is associated with poor
prognosis. In contrast, the downregulation of SLC transporters,
such as SLC26A4 and SLC5AS8, has been shown to inhibit cancer
cell proliferation and migration (12, 13).

The bicarbonate transporter consists of two families, SLC4 and
SLC26, which can be further subdivided into acid loaders or acid
extruders depending on the orientation of the transporter (14). The
acidic extruder absorbs bicarbonate and thus prevents TME
acidification by acting on the acidic extruder. The reduced
expression of SLC4A4 can promote cancer cell proliferation
and migration traits in vitro or under the condition of
immunodeficiency, which is mainly dependent on the tumor cell
type. In renal clear cell carcinoma, miR-223-3p promotes cell
proliferation and metastasis by downregulating SLC4A4 (15). This
study investigated novel biomarkers that are significantly associated
with MSI and have significant prognostic implications.

Materials and methods
Data download and processing

The TCGA-COAD cohort data, including gene expression data
from 471 tumor tissues, survival data from 454 patients, clinical
phenotype data from 478 patients, and tumor mutation data from
399 patients, were obtained from the UCSC Xena website (http://
xena.ucsc.edu/). The high-throughput sequencing data GSE24514
was downloaded from the GEO database. There were 49 samples in
total, and 44 samples remained after quality control. Single cell
sequencing data GSE166555 was downloaded from the GEO
database and included 12 tumor tissues and their paracancer
controls. All the data was log2 transformed.

frontiersin.org


http://xena.ucsc.edu/
http://xena.ucsc.edu/
https://doi.org/10.3389/fonc.2023.1179120
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Rui et al.

Differential gene expression by microarray
data mining

The expression data of GSE24514 were downloaded from the
GEO database (16) and then, principal component analysis (PCA)
and UMAP (Uniform Manifold Approximation and Projection for
Dimension Reduction) were used to visualize each sample in groups
and remove outliers. The R software package limma (version 3.40.6)
was then used to identify the differentially expressed genes. Briefly,
the data was log2 transformed and subjected to multiple linear
regression using the ImFit function. We set up | log2FC | > 1 and P -
value < 0.05. The differentially expressed genes were visualized in
volcano maps and thermal maps.

Identification of candidate biomarker gene
by WGCNA

WGCNA (Weighted Correlation Network Analysis) is a systematic
biological method used to describe gene association patterns between
different samples to identify gene sets with highly synergistic changes
and candidate biomarker genes or therapeutic targets based on the
interconnectivity of gene sets and the association between gene sets and
phenotypes. When compared to focusing only on differentially
expressed genes, WGCNA identified the gene set of interest using
the information regarding thousands or nearly ten thousand of the
most varied genes or all genes and performed significant association
analysis with phenotypes.

Single-cell sequencing to explore
heterogeneity in the tumor
microenvironment

The sequencing data from TISCH2 and GSE166555 from the
GEO database were used to characterize the tumor
microenvironment at the single-cell resolution (17). Several
different cell types were identified after dimensionality reduction
clustering and annotation of cell markers. Understanding the cell-
cell interaction (CCI) is essential to study how these cells and signals
coordinate function, therefore CellChat was integrated to infer the
cell-cell communications between each cluster (18, 19).

Screening potential biomarkers using the
Lasso regression model

The RNAseq data was downloaded from the TCGA database
(https://portal.gdc.cancer.gov) for the STAR process of the TCGA
project and the data was extracted in TPM format and the clinical
data. Additional prognostic data was obtained from the literature
(20). The data processing method is log2(value+1) and the cleaned
data was analyzed using the “glmnet” R package to obtain the
variable lambda value, maximum likelihood number, or C
index (21).
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The correlation between genes and MSI

MSTI occurs due to a functional defect in the DNA mismatch
repair of tumor tissue and is an important tumor marker. The
unified and standardized pan-cancer data set was downloaded from
the UCSC (https://xenabrowser.net/) database, and the expression
data of ENSG00000080493 (SLC4A4) was extracted. The MSI score
for each tumor was obtained from a previous study (22) and
integrated with the gene expression data to calculate the Pearson
correlation for each tumor.

Identification of expression characteristics
and clinical features of SLC4A4

First, the difference in genes between the two groups was
identified based on the TCGA data using the Wilcoxon rank sum
test. They were then visualized using the “ggplot2” package. SLC4A4
transcription and protein levels, as well as survival curves, were
evaluated in the UALCAN database (23). The time-dependent AUC
is a polygonal line that shows the area (AUC) under the
corresponding curve of different variables at different times and is
< 0.5 when the value of the variable (protective factor) is opposite to
the trend of the event. The AUC of ROC is often used for the
evaluation of diagnostic tests and generally, an AUC within the
range of 0.5 and 1, and closer to 1 indicates that the variable has a
better diagnostic effect on the predicted outcome. The data was
analyzed using the timeROC package and the pROC package, and
the results were visualized using ggplot2. The SLC4A4
transcriptome data was combined with clinical data, and
grouping comparisons and survival curves were drawn to describe
differences between the clinical groupings. The SLC4A4 proteomic
profile was validated using immunohistochemical images from the
HPA database (24).

Cell culture

Suzhou Medical University (Suzhou, China) provided the
following human colon cancer cell lines: HT29, Caco-2, and
HCT116, as well as the normal colon cell line NCM460. There
were cultured in DMEM (HyClone, USA) supplemented with 10%
FBS (Gibco, USA) and 100 pg/ml streptomycin/penicillin (Hyclone)
in a 5% CO2 humidified environment at 37°C. The cells were

passaged every 2-3 days using 0.25% trypsin (Hyclone).

RT-PCR

The expression of SLC4A4 in different colon cancer cell lines
was quantified by qRT-PCR, with at least three biological replicates
per sample. The total RNA concentration of each sample was
adjusted to be the same before reverse transcription using the
ChamQ Universal SYBR qPCR Master Mix and HiScript II Q RT
SuperMix for qPCR (Nanjing Novozan Biotechnology Co. Itd). The
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relative mRNA expression was calculated using the 2AACT method
and normalized to the internal reference B-actin. The primer
sequences were as follows:

SLC4A4: Forward: 5'-TTGCCAACTATGTCTTCTACTGA-3’
Reverse: 5'-ATTACAGTTGTTCCCGACGAG-3’

B-actin: Forward: 5'-GTGGCCGAGGACTTTGATTG-3’
Reverse: 5'-CCTGTAACAACGCATCTCATATT-3’

Immunohistochemistry

Tissue chips are used for Immunohistochemistry (IHC) which
was performed as per standard protocols. In summary, the tissue
samples were fixed in 4% paraformaldehyde, embedded in paraffin,
and sectioned. Following deparaffinization, rehydration, antigen
retrieval and blocking, incubation of the slides with primary
antibodies was conducted at 4°C. The sections then underwent
incubation with an HRP-conjugated anti-rabbit secondary antibody
(Servicebio, China). The chromogen used was diaminobenzidine
(DAB). To capture the images under white light, a fluorescence
microscope from Olympus (Japan) was used.

10.3389/fonc.2023.1179120

Statistical analysis

The analysis was conducted using R software (version 4.1.0).
The Wilcoxon test was employed to compare the two groups, while
the Kruskal-Wallis test was used for comparing multiple groups. A
p-value of < 0.05 was considered statistically significant. The
Spearman correlation test was utilized to compare the
correlations between two continuous variables.

Results

Figure 1 shows the workflow of our study.

Data quality control and identification of
differentially expressed genes

First, the spatial features in the PCA map and the UMAP map
were used to represent the biological characteristics of each sample
and significant inter-group differences were observed after the
removal of the lower-quality samples (Figures 2A-D). The sample
normalization box plot showed good correction for all samples and

2 TCoh
% COAD cohort
+
M% GSE24514
% High throught-sep data
+
M% GSE166555
Single-cell data

FIGURE 1
The flow chart.
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no significant batch effects or other rejected samples (Figure 2E).
Subsequently, volcanic and thermal maps were used to display the
844 differential genes meeting the threshold, including 648 genes
with significantly high expression and 216 genes with significantly
low expression (Figures 2F, G).

Identification of MSl-associated
candidate biomarker genes in
colorectal cancer by WGCNA

A weighted gene network was constructed to identify candidate
biomarkers associated with MSI in colorectal cancer. Scale
independence and mean connectivity indicated that the soft
threshold used to construct the weighted gene network was 24
(Figures 3A, B). Sample clustering revealed significant differences
between the two groups, and there were no outliers (Figures 3C, D).
The hierarchical clustering diagram identified gene modules with
high correlation, with the clustering heat map drawn according to
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the different vector features of each module, showing the distance
between the different modules (Figure 3E). Finally, association
analysis was performed on each module and phenotype to
identify modules with a high correlation with the phenotype of
interest and then the key genes were extracted from the statistically
significant modules (Figure 3F).

Single cell sequencing revealed tumor
heterogeneity and characteristics of
different cell groups in colorectal cancer

Single-cell sequencing revealed 33 different cell clusters
(Figure 4A) in the GSE166555 dataset through dimensionality
reduction and clustering. The punctiform figures show the cell
marker for cell annotation and their expression levels (Figure 4B).
Annotating these clusters through cell markers yielded 13 cell types,
Including B cells, CD4Tconv cells, CD8T cells, DC cells, endothelial
cells, epithelial cells, fibroblasts, malignant cells, mast cells, Mono/
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Macro cells, myofibroblasts, plasma tumors, and Tprolif cells
(Figure 4C). The pie chart showed the proportion of the different
types, and the stacked histogram showed the proportion of the
different types in each sample (Figure 4D).

Potential biomarkers identified by
Lasso regression

Intersection analysis was performed of the results of the limma
difference analysis, WGCNA, and single-cell sequencing difference
analysis to construct a Venn diagram to obtain 174 intersection
genes (Figure 5A). Subsequently, these 174 crossed genes were
further screened using the Lasso regression model, and two
potential biomarkers were identified: TIMP1 and SLC4A4
(Figures 5B, C). To explore which gene had a stronger association
with MSI, a lollipop graph of the association between gene
expression and MSI was drawn showing that the association
between SLC4A4 and MSI was significantly higher in colorectal
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cancer than in TIMP1 (Figures 5D, E). According to the risk factor
map, when SLC4A4 expression is decreased, the risk score is
significantly increased, and the prognosis is poor (Figure 5F).
SLC4A4 expression and the MSI for each sample were visualized
in the correlation scatter plot and the correlation coefficient was
0.268 (Figure 5G).

Expression and clinical characteristics of
the MSI-related gene SLC4A4

SLC4A4 mRNA and protein expression were significantly
downregulated in tumors in both the TCGA and UALCAN
databases (Figures 6A-D). The time-dependent AUC suggested
that SLC4A4 might be a protective factor and ROC indicated that
SLC4A4 is highly sensitive and specific (Figures 6E, F). The
immunohistochemical results highlighted the decreased SLC4A4
expression in the tumor (Figures 6G, H). Also, there was lower
SLC4A4 expression in patients with lymphoid metastasis (Figure 6I)
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and low SLC4A4 expression was associated with poor prognosis
(Figures 6]-L).

High SLC4A4 expression in epithelial cells

Using previous single-cell sequencing data to visualize SLC4A4
expression in different cells revealed that SLC4A4 expression was
significant in epithelial cells and barely expressed in other cells,
including malignant tumor cells (Figures 7A, B). Malignant cells
strongly interacted with myofibroblasts, fibroblasts, and endothelial
cells (Figure 7C). Also, some pathways were significantly enriched
in epithelial cells or malignant tumor cells including fatty acid
metabolism, estrogen response late, estrogen response early, apical
junction, androgen response, adipogenesis, xenobiotic metabolism,
protein secretion, interferon-alpha response, interferon-gamma
response, oxidative phosphorylation, and peroxisome (Figure 7D).

PCR and immunohistochemistry to validate
the expression of SLC4A4

In order to further verify the expression of SLC4A4, we first
performed PCR experiments on cell lines. The results showed that
SLC4A4 was significantly down-regulated in colorectal cancer cell
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lines Caco-2, HCT116 and HT29 compared with normal control
NCM460 cell lines (Figure 8A, ***P<0.001). Subsequently, clinical
samples of colorectal cancer from 3 patients were collected for
immunohistochemical experiments. It can be seen that SLC4A4
expression was downregulated in the tumor tissues of three patients
compared with the adjacent normal tissues (Figure 8B).

Discussion

Recently, the relationship between microsatellite instability and
the occurrence and development of tumors has become a topic of
interest in the study of tumor markers, characteristics, and
prognosis. Although there have been many in-depth studies on
potential biomarkers of tumors, few biomarkers can be used in
combination with MSI to evaluate patient prognosis (25-28). MSI is
a feature of many disorders, most of which are neoplastic, with
Lynch syndrome being the most well-known non-neoplastic
disorder. Protein dysfunction in the MMR family is involved in
the occurrence of Lynch syndrome, with most families diagnosed
with Lynch syndrome having MLH1 and MSH2 mutations, some
families having MSH6 mutations, and a few families having PMS2
mutations (29). The occurrence of Lynch syndrome and partial
sporadic colorectal cancer is not related to oncogene activation and
tumor suppressor gene inactivation, rather it is caused by MSI due to
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The correlation between the potential biomarker SLC4A4 and MSI is significant. (A) The Venn diagram indicates 174 intersecting genes, (B) the trace
diagram of the different variables in the Lasso regression, (C) two undetermined variables were obtained by Lasso regression, (D) lollipop plot of the
correlation between TIMP1 expression in different tumors and MSI, (E) the lollipop plot of correlation between SLC4A4 expression in different tumors

and MSI, (F) risk factor diagram, and (G) correlation scatter plot.

mutations in mismatch repair genes (30). Currently, MSI/dMMR
detection is an important diagnostic indicator for screening patients
with Lynch syndrome. In summary, MSI has important clinical
implications for Lynch syndrome screening, predicting the prognosis
of colorectal cancer, and guiding drug use.

In recent years, significant progress has been made in the field of
bioinformatics for CRC research (31, 32). Studies have employed
various bioinformatics tools, including transcriptomics, genomics,
proteomics, and metabolomics, to investigate the molecular
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mechanisms underlying CRC development and progression (33).
For instance, transcriptomic profiling of CRC tissues has identified
gene expression signatures associated with different stages of CRC,
providing potential biomarkers for early diagnosis and personalized
treatment (34). Additionally, genomic studies have revealed somatic
mutations and genetic alterations associated with CRC, including
the well-known APC, TP53, and KRAS mutations (35). Other
studies have utilized proteomic and metabolomic approaches to
identify protein and metabolite biomarkers for CRC diagnosis and
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prognosis. The integration of multi-omics data has also been
increasingly used to improve the accuracy of CRC diagnosis and
prognosis (36).

Here, for the first time, we identified a significant positive
correlation between SLC4A4 and MSI in colorectal cancer.
Potential genes were screened using second-generation
sequencing data, weighted average co-expression network, and
single-cell sequencing data to obtain SLC4A4 using Lasso
regression and MSI correlation calculation. It is well known that
patients with MSI-H have a better prognosis than MSS despite a
poorer clinical presentation.

We identified a significant positive correlation between MSI and
SLC4A4 expression, the significant downregulation of SLC4A4
mRNA and protein expression in tumors, and the SLC4A4 low-
expression group had a poorer prognosis which corresponds to
MSI. More importantly, SLC4A4 expression in the N1-N2 group
was much lower than that in NO, suggesting that SLC4A4 might also
mediate tumor cell metastasis to lymph nodes. Single-cell
sequencing revealed that SLC4A4 was specifically and highly
expressed in epithelial cells. In UMAP, the spatial relative

Frontiers in Oncology

54

Tive ndors e ndare

positions of different cell types represent the similarities between
biological functions, such as T cells and their subsets, and the close
relationship between malignant tumor cells and epithelial cells
suggests that malignant tumor cells may evolve from epithelial
cells, while SLC4A4 is rarely expressed in malignant tumor cells. In
our analysis, SLC4A4 was localized on the plasma membrane and
involved in the regulation of bicarbonate secretion and absorption
as well as intracellular pH. It is hypothesized that the absence of
SLC4A4 may lead to an imbalance between intracellular pH
and carcinogenesis.

Conclusion

For the first time, we have identified SLC4A4 as a potential
prognostic biomarker significantly associated with MSI and
related to the intracellular pH. The combination of SLC4A4 and
MSI can predict the prognosis and outcomes of colorectal cancer
patients and guide clinical medication, providing innovative
recommendations for personalized medicine.
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“Department of Hepatobiliary, Tianjin Medical University Cancer Institute & Hospital, National Clinical
Research Center for Cancer, Tianjin, China

Background: Molecular targeted therapy combined with immunotherapy
significantly improves the prognosis of patients with advanced liver cancer.
Additionally, hepatic arterial infusion chemotherapy (HAIC) can improve the
prognosis of patients with advanced liver cancer. This real-world study aimed
to evaluate the clinical efficacy and safety of HAIC combined with molecular
targeted therapy and immunotherapy in the treatment of primary unresectable
hepatocellular carcinoma (UHCC).

Methods: A total of 135 patients with uHCC were enrolled in this study.
Progression-free survival (PFS) was the primary endpoint. The efficacy of the
combination therapy was assessed based on the modified Response Evaluation
Criteria in Solid Tumors (MRECIST) guidelines. Overall survival (OS), adverse
events (AEs) and surgical conversion rate were the secondary endpoints.
Univariate and multivariate Cox regression analyses were performed to
examine independent prognostic factors. For sensitivity analysis, inverse
probability weighting (IPW) was used to balance the influence of the tested
confounding factors between groups to verify the robustness of conversion
surgery for survival benefits. The E-values were estimated to assess robustness to
unmeasured confounders.

Results: The median number of therapies was three. Approximately 60% of the
patients had portal vein tumour thrombosis (PVTT). The most common targeted
drugs were lenvatinib and bevacizumab, whereas the most common
immunotherapy drug was sintilimab. The overall objective response rate (ORR)
was 54.1%, and the disease control rate (DCR) was 94.6%. A total of 97 (72%)
patients experienced AEs of grades 3—4. Fatigue, pain and fever were the most
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common symptoms of grade 3-4 AEs. The median PFS was 28 months and 7
months in the successful and unsuccessful conversion groups, respectively. The
median OS was 30 months and 15 months in the successful and unsuccessful
conversion groups, respectively. Successful conversion surgery, sex, hapatic vein
invasion, BCLC stage, baseline tumour size, AFP levels and maximum therapeutic
response were independent prognostic factors for PFS. Successful conversion
surgery, number of interventions, hapatic vein invasion and total bilirubin levels
were independent prognostic factors for OS. After IPTW, no standardised
differences exceeding 0.1 were found. IPW-adjusted Kaplan—Meier curves
showed that successful conversion surgery was an independent prognostic
factor for both PFS and OS. The E-values of successful conversion surgery
were 7.57 and 6.53 for OS and PFS, respectively, which indicated a relatively
robust impact of successful conversion surgery on the prognosis of patients.

Conclusion: Patients with primary uHCC undergoing HAIC combined with
immunotherapy and molecular targeted therapy have a higher tumour
regression rate and the side effects are manageable. Patients undergoing
surgery after combination therapy have survival benefits.

KEYWORDS

hepatic arterial infusion chemotherapy, molecularly targeted agents, advanced
hepatocellular carcinoma, conversion surgery, survival benefit, anti-PD-1/PD-
L1 immunotherapy

Introduction

On a global scale, liver cancer ranks fifth among malignant
cancers (1). The most common subtype of primary liver cancer is
hepatocellular carcinoma (HCC) (2). The main treatment strategies
for early-stage HCC include surgical resection, ablation and liver
transplantation (3). However, most patients with HCC are
diagnosed at an advanced stage and hence have a poor prognosis.
In recent years, the treatment of advanced HCC has rapidly evolved
with the introduction of novel systemic therapies. The IMbrave 150
study showed that compared with sorafenib, atezolizumab
combined with bevacizumab had better therapeutic effects in
patients with unresectable hepatocellular carcinoma (uHCC) (4).
After sorafenib, the combination of atezolizumab and bevacizumab
was the first therapeutic strategy that demonstrated promising
results in a randomised controlled trial. At present, the first-line
treatment for advanced liver cancer is a combination of molecular
targeted drugs and immune checkpoint inhibitors (5).

As systemic therapy advances, indications for TACE therapy in
HCC are narrowing. The Barcelona Clinic Liver Cancer (BCLC)
staging system is the most commonly used system for classifying
HCC stages (6). In the previous BCLC guidelines, TACE was
recommended as the primary treatment method for BCLC B-
stage HCC. However, the 2022 BCLC staging system has re-
categorised the stratification of risk for patients with B-stage
HCC. The recommended first-line treatment for patients with
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BCLC B-stage HCC with diftuse, infiltrative and extensive bilobar
liver involvement has been changed from TACE to systemic therapy
(5). We speculate that the reason for this change, in addition to the
advancement of systemic therapy, is related to the poor efficacy of
TACE therapy in patients with moderate and high tumour burdens
(7, 8).

Hepatic arterial infusion chemotherapy (HAIC) is a locoregional
therapy that involves the administration of chemotherapeutic agents at
higher concentrations directly into tumour sites via tumour-associated
arterial branches (9). A recent randomised controlled trial showed that
compared with TACE, FOLFOX-HAIC significantly improved overall
survival (OS) and progression-free survival (PFS) in patients with
unresectable large tumours (10). The effectiveness of HAIC has also
been confirmed in a real-world study (11). Considering that both
HAIC and systemic therapy are effective for patients with moderate
and high tumour burdens, the therapeutic efficacy of the combination
of these two therapies is currently undergoing investigation. Compared
with sorafenib monotherapy, combination therapy with sorafenib and
FOLFOX-HAIC can improve the objective response rate (ORR) and
OS of patients with HCC (12, 13). In addition, the combination of
HAIC, anti-PD-1-based immunotherapy and molecularly targeted
agents may improve patient outcomes (14, 15). However, relevant
previous studies reporting on the abovementioned combination
therapeutic strategies had a limited number of participants, which
limits the external validation of the results. To the best of our
knowledge, no large-scale, real-world studies have reported the
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therapeutic effects of HAIC combined with systemic therapy.
Therefore, this study aimed to evaluate the safety and effectiveness of
HAIC combined with immunotherapy and molecular targeted therapy
in patients with advanced HCC.

Materials and methods

Patients

This retrospective study was conducted in accordance with the
principles outlined by the Declaration of Helsinki (16) and was
approved by the Tianjin Medical University Cancer Institute and
Hospital Review Board (No.: bc2020099). A random number was
assigned to each participant, and other information that could
reveal the identity of participants was removed.

Patients with uHCC who received triple therapy (HAIC + anti-
PD-1-based immunotherapy + molecular targeted therapy) between
November 2018 and December 2021 at Tianjin Medical University
Cancer Institute and Hospital were enrolled. All patients were
evaluated by our multidisciplinary board for surgical resection. The
board comprises multidisciplinary specialists, including hepatobiliary
surgeons, oncologists, interventionists, radiologists and radiotherapy
physicians. To increase the sample size and ensure representativeness,
there was no limitation regarding the specific use of immune
checkpoint inhibitors and targeted drugs in the included patients.
Figure 1 demonstrates a flowchart representing the patient enrolment
strategy with detailed inclusion and exclusion criteria.

Treatment protocol

Patients were locally anaesthetised, and the Seldinger technique
was used to puncture the femoral artery. To examine blood supply

N=1906
Patients of uHCC from 2018 to 2021

Surgical history (N=609)
Previous ablation (N=56)
TACE previously (N=1001)

y

N=240
Remaining patients

Impossible to obtain the
primary endpoint (N= 11)

No il ing data prior to
treatment (N= 94)

y

N=135
Final analysis of patients

FIGURE 1
Flowchart demonstrating the patient inclusion strategy.
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at the tumour site, digital subtraction angiography was used to
visualise the anatomical features of the celiac, superior mesenteric
and hepatic arteries. HAIC was conducted using a 2.7-F
microcatheter placed in the tumour-feeding arteries. The
FOLFOX regimen was used as follows: 4-hour infusion of 85-mg/
m” oxaliplatin, 2-3-hour infusion of 400-mg/m?* calcium folinate
and a bolus injection of 400-mg/m* fluorouracil, followed by 23-
hour infusion of 1200-mg/m? fluorouracil on day 1 of treatment.
Drug doses may be adjusted depending on the Child-Pugh grade
and chemotherapy tolerance. HAIC was repeated every 4-6 weeks
until disease progression or unacceptable toxicity was observed or
the treatment plan was changed. Treatment may be interrupted or
dose adjustments may be required if toxicity is intolerable. When
grade 3 or 4 adverse events occur, oxaliplatin would be reduced to
65 mg/m?, and 5-fluorouracil to 300 mg per bolus and 1000 mg per
cycle respectively.

Anti-PD-1-based immunotherapy and
molecular targeted therapy

Before or after the first HAIC session, patients were
intravenously administered anti-PD-1 antibodies every 3 weeks
(200-mg sintilimab, 200-mg tislelizumab, 200-mg camrelizumab,
240-mg toripalimab or 200-mg pembrolizumab). For anti-
angiogenesis treatment, the patients were administered 8-mg
lenvatinib orally once daily, 200-mg sorafenib orally twice daily
and 250-mg apatinib orally once daily. Patients in the T + A group
were intravenously administered atezolizumab (1200 mg) plus
bevacizumab (15 mg/kg) or sintilimab (200 mg) plus
bevacizumab biosimilar (IBI305) every 3 weeks.

Primary endpoints and data collection

PFS was the primary endpoint. Therapeutic efficacy was
evaluated based on the modified Response Evaluation Criteria in
Solid Tumors (mRECIST) (17). PFS was defined as the time from
initiation of treatment to the end of progression or death. The
secondary endpoints included OS, ORR (complete response [CR] +
partial response [PR]), disease control rate (DCR; ORR + stable
disease [SD]), surgical conversion rate and adverse events (AEs)
defined by the Common Terminology Criteria for Adverse Events,
version 4.0.

Statistical analysis

Categorical variables were analysed via the Fisher’s exact test and
were expressed as numbers (percentages). Data with normal
distribution were analysed using the t-test or ANOVA analysis. Data
with non-normal distribution were analysed using the rank sum test
and were expressed as the median (interquartile range [IQR]). Survival
was estimated using the Kaplan-Meier method, and the data were
analysed via univariate and multivariate Cox proportional risk
regression analyses. A p-value of <0.05 was considered significant.
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Sensitivity analysis was conducted using two approaches. First,
inverse probability weighting (IPW) was employed to manage potential
imbalance among covariates between two groups (18). Second, E-
values were estimated to examine unmeasured confounders owing to
the observational study design (19) and evaluate the impact of
unmeasured confounders on the outcomes of patients. Statistical
analysis was performed using the R (version 4.2.1) software.

Result

Characteristics of patients and tumors

A total of 2019 patients were screened between November 2018
and December 2021; of which, 135 met the eligibility criteria for

TABLE 1 Baseline information of patients.

10.3389/fimmu.2023.1127349

inclusion. A flowchart demonstrating the patient selection strategy
and inclusion and exclusion criteria is shown in Figure 1. A majority
of patients (82.2%) were men. The most prevalent cause of
underlying liver disease was chronic hepatitis B virus infection
(93.3%). More than half of the patients (58.8%) had portal vein
tumour thrombosis. The median tumour size was 8.95 cm (IQR =
6.27-13.0 cm). Lenvatinib and bevacizumab were the most
common targeted drugs, whereas sintilimab was the most
common immunotherapeutic drug. Patients were divided into
two groups based on whether conversion surgery was successful
(Table 1). The median number of HAIC sessions was 3 (IQR = 2-3).
The median number of HAIC sessions was higher in the successful
conversion surgery group than in the unsuccessful conversion
surgery group. However, the difference was not significant.

[ALL] No Yes p.overall
N=135 N=95 N=40
Sex 0.848
Female 24 (17.8%) 16 (16.8%) 8 (20.0%)
Male 111 (82.2%) 79 (83.2%) 32 (80.0%)
Age 58.0 [51.0;64.5] 57.0 [50.0;64.0] 59.0 [54.0;66.2] 0.240
Number of interventions 3.00 [2.00;3.00] 2.00 [1.00;3.50] 3.00 [2.00;3.00] 0.311
Targeted drug 0.112
Apatinib 5 (3.70%) 2 (2.11%) 3 (7.50%)
Bevacizumab 57 (42.2%) 36 (37.9%) 21 (52.5%)
Lenvatinib 67 (49.6%) 52 (54.7%) 15 (37.5%)
Sorafenib 6 (4.44%) 5 (5.26%) 1 (2.50%)
ICI 0.460
Atezolizumab 1 (0.74%) 1 (1.05%) 0 (0.00%)
Camrelizumab 31 (23.0%) 24 (25.3%) 7 (17.5%)
Pembrolizumab 1 (0.74%) 1 (1.05%) 0 (0.00%)
Sintilimab 96 (71.1%) 65 (68.4%) 31 (77.5%)
Tislelizumab 3 (2.22%) 3 (3.16%) 0 (0.00%)
Toripalimab 3 (2.22%) 1 (1.05%) 2 (5.00%)
Hypertension 0.853
No 101 (74.8%) 72 (75.8%) 29 (72.5%)
Yes 34 (25.2%) 23 (24.2%) 11 (27.5%)
Diabetes 0.777
No 119 (88.1%) 83 (87.4%) 36 (90.0%)
Yes 16 (11.9%) 12 (12.6%) 4 (10.0%)
Heart disease 0.669
No 129 (95.6%) 90 (94.7%) 39 (97.5%)
Yes 6 (4.44%) 5 (5.26%) 1 (2.50%)
(Continued)
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TABLE 1 Continued

10.3389/fimmu.2023.1127349

p.overall
Smoking ‘ 0.028
No 99 (73.3%) 64 (67.4%) 35 (87.5%)
Yes 36 (26.7%) 31 (32.6%) 5 (12.5%)
Liver etiology 0.278
Alcohol 1 (0.74%) 0 (0.00%) 1 (2.50%)
HBV 126 (93.3%) 90 (94.7%) 36 (90.0%)
HCV 8 (5.93%) 5 (5.26%) 3 (7.50%)
‘ Hepatic vein invasion ‘ ‘ 0.634
No 113 (86.3%) 78 (84.8%) 35 (89.7%)
Yes 18 (13.7%) 14 (15.2%) 4 (10.3%)
‘ Portal vein tumor thrombus (vp) ‘ ‘ 0.489
0 54 (41.2%) 37 (40.2%) 17 (43.6%)
2 6 (4.58%) 3 (3.26%) 3 (7.69%)
3 29 (22.1%) 23 (25.0%) 6 (15.4%)
4 42 (32.1%) 29 (31.5%) 13 (33.3%)
BCLC 0.204
A 9 (6.92%) 4 (4.40%) 5 (12.8%)
B 22 (16.9%) 14 (15.4%) 8 (20.5%)
C 98 (75.4%) 72 (79.1%) 26 (66.7%)
D 1 (0.77%) 1 (1.10%) 0 (0.00%)
Baseline tumor size 8.95 [6.27;13.0] 10.0 [7.03;14.0] 7.95 [5.38;10.7] 0.045
Maximum Efficacy Evaluation 0.089
CR 1 (0.90%) 0 (0.00%) 1 (1.37%)
PR 59 (53.2%) 34 (46.6%) 25 (65.8%)
SD 45 (40.5%) 32 (43.8%) 13 (34.2%)
PD 6 (5.41%) 6 (8.22%) 0 (0.00%)
WBC 5.36 [4.17;6.88] 5.29 [3.96;7.18] 5.59 [4.51;6.39] 0.810
PLT 165 [118;243] 163 [118;230] 170 [117;247] 0.816
PT 12.3 [11.7;13.1] 12.5 [11.7;13.2] 12.1 [11.7;12.8] 0.203
APTT 27.7 [25.6;30.0] 27.9 [25.9;30.3] 27.5 [25.1;29.5] 0.326
GLU 5.12 [4.53;5.93] 5.18 [4.53:6.07] 5.07 [4.58;5.49] 0.874
SCR 64.0 [56.5;76.0] 64.0 [56.5;75.5] 67.0 [56.5;76.0] 0.320
ALB 39.1 [35.6;:42.0] 38.4 [35.1;41.8] 40.5 [37.5;:42.6) 0.024
ALT 32.0 [20.0;52.0] 33.0 [20.0;52.0] 32.0 [19.2:49.2] 0.544
AST 52.0 [34.0:85.0] 59.0 [35.0:92.0] 45.0 [33.8;65.2] 0.104
TBIL 17.1 [12.1;23.7] 182 [12.2;25.2] 15.1 [11.4;21.3] 0.117
AFP team (400ng/ml) 0.092
High 68 (52.3%) 52 (57.8%) 16 (40.0%)
Low 62 (47.7%) 38 (42.2%) 24 (60.0%)
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Waterfall plot demonstrating the target lesion size estimated using mRECIST guidelines.

Short-term efficacy and side effects

Short-term curative effects evaluated based on the mRECIST
guidelines (8, 20, 21). The maximum therapeutic response are
significantly correlated with the prognosis (22). Because the
patients included in this study had a high tumour burden, we
evaluated the maximum tumour response to treatment based on the
mRECIST guidelines. Waterfall plots demonstrating the maximum
tumour response are depicted in Figure 2. The ORR and DCR of
patients were 54.1% and 94.6%, respectively. The ORR was higher
in the conversion surgery group (successful vs unsuccessful: 65%
versus 36%, p = 0.08).

A total of 280 treatment-related AEs occurred during the follow-
up period. The most common grade-1 and -2 AEs were abdominal
pain, fatigue and abnormal liver function (Figure 3A). A total of 97
patients experienced at least 1 grade-3 or -4 AE (Figure 3B). The most
common grade-3 and -4 AEs were fatigue, pain and fever.

Additionally, a patient had gastrointestinal haemorrhage, which
was successfully treated via endoscopic haemostasis.

Prognostic analysis

The median follow-up duration was 12 months and 11 months
in the successful and unsuccessful conversion groups, respectively.
The median PES was 28 months and 7 months in the successful and
unsuccessful conversion groups, respectively. The median OS was
30 months and 15 months in the successful and unsuccessful
conversion groups, respectively. PFS and OS curves are shown in
Figures 4A, B. As shown in the forest plot in Figures 5A, B,
successful conversion surgery, sex, hapatic vein invasion, BCLC
stage, baseline tumour size, AFP levels and maximum therapeutic
response were independent prognostic factors for PFS. Multivariate
Cox analysis showed that successful conversion surgery, number of
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(A) Histogram of adverse reactions of grades 1-2, (B) Histogram of adverse reactions of grades 3-4.
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(A) Kaplan—Meier curve for progression-free survival, (B) Kaplan—
Meier curve for overall survival.

interventions, hapatic vein invasion and total bilirubin levels were
independent prognostic factors for OS.

Sensitivity analysis

The sample size of this study is small, and the statistical power
of multivariate analysis might have been inadequate. Therefore,

IPW was used to balance confounding factors between the

10.3389/fimmu.2023.1127349

successful and unsuccessful conversion groups, and weighted
survival analysis was subsequently used to examine sensitivity
(23). As shown in Figure 6, the factors that may affect the
prognosis of patients are incorporated into the IPTW equation.
After IPTW analysis, no standardised differences exceeding the
threshold were observed. IPW-adjusted survival curves were plotted
to demonstrate the effects of successful conversion surgery on PFS
and OS (Figures 7A, B). The final results showed that successful
conversion surgery was an independent prognostic factor for both
PFS and OS.

Because observational analyses have inherent limitations, the E-
value was calculated to assess the sensitivity to unmeasured
confounders (24). If the effect value of the unmeasured
confounding factor reaches the E-value, the result is invalidated.
The E-value of successful conversion surgery was 7.57 and 6.53 for
OS and PFS, respectively, which indicates a relatively robust impact
of successful conversion surgery on the prognosis of patients.

Discussion

In this study, real-world data were used to evaluate the
effectiveness of HAIC combined with immunotherapy and
molecular targeted therapy in patients with primary uHCC.
Patients with high tumour burden had a high tumour regression
rate after combination therapy, and successful conversion surgery
had strong protective effects on the prognosis. Although the
incidence of side effects owing to combination therapy is high,
they can be well managed. To adjust for possible confounding
factors, the article employs inverse probability weighting. In
addition, we calculated E-values, which allow us to assess the
effect of unmeasured confounders on the final results in a
quantitative manner. The experimental design and methodology
of this study will assist us in evaluating the causal relationship
between HAIC combined with systemic therapy and patient
prognosis, despite the fact that it is a real-world study.

Because most patients with HCC are diagnosed at a middle or
advanced stage, they are ineligible for radical local treatment. Before
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immunotherapy was introduced, TACE was the standard treatment
option for middle-stage liver cancer, whereas molecular targeted
therapy (sorafenib or lenvatinib) was the standard treatment for
advanced HCC (3).

In recent years, several novel systemic therapies have been
introduced for the treatment of advanced HCC. In the IMbrave 150
study, combination therapy with atezolizumab and bevacizumab was
identified as a better treatment option than sorafenib monotherapy for
uHCC (4). In the ORIENT-32 trial, the effectiveness of combination
therapy with sintilimab and a bevacizumab biosimilar (IBI305) was
found to be superior to that of sorafenib monotherapy, which has been
approved by the FDA for the first-line treatment of advanced
unresectable liver disease (25). The phase III HIMALAYA trial
demonstrated that combined with sorafenib monotherapy,
durvalumab plus tremelimumab pre-stimulation treatment
significantly improved survival (26). At present, the combination of

>
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Overall survival probability

molecular targeted drugs and immune checkpoint inhibitors is the
first-line treatment for advanced liver cancer.

With the advancement of systemic therapy, the use of TACE
therapy for treating HCC has reduced. Systemic therapy is
recommended for patients with diffuse stage-B liver cancer
(BCLC 2022) (27). Before immunotherapy was introduced,
significant attempts were made to combine TACE and TKI drugs
to improve therapeutic effects and prognosis. However, the results
were contradictory (28-30). We speculate that the reason for this
phenomenon may be the poor efficacy of TACE therapy in patients
with a high tumour burden. However, TKI drugs are only effective
in patients with a high tumour burden (7, 8, 31).

HAIC is more effective than TACE in patients with a high
tumour burden (10, 32, 33). The combination of HAIC and
molecular targeted therapy can increase the tumour regression
rate and improve prognosis (13, 14). The findings of this study
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(A) IPW-adjusted Kaplan—Meier curve for PFS, (B) IPW-adjusted Kaplan—Meier curve for OS.
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are similar to those of previous related studies. As evaluated based
on the mRECIST guidelines, the overall ORR and DCR were 54.1%
and 94.6%, respectively. These rates might have been overestimated
because 24 patients had imaging data but cannot be judged.
However, the results of survival analysis indicated that
combination therapy was associated with a positive outcome. The
overall median PFS and OS were 12 months and 30 months,
respectively, which are higher than those reported in the
IMBRAVE 150 and LEAP-002 studies (4, 34). Therefore,
combination therapy may be more effective for patients with a
high tumour burden.

At least one side effect was experienced by almost all patients. A
total of 97 (72%) patients experienced AEs of grades 3-4. Fatigue,
pain and fever were the most common grade-3 and -4 AEs. In
addition, a patient had gastrointestinal haemorrhage, which was
successfully treated via endoscopic haemostasis. The incidence of
grade-3 and -4 AEs was significantly higher in this study than in
previous studies (14, 35). This increase may be attributed to the
inclusion of adverse reactions related to the process of perfusion
therapy, such as abdominal pain and fever, in this study. Although
these adverse reactions are graded high according to CTCAE 4.0
(36), they are manageable and have a minimal impact on the
outcome of patients. No unique adverse effects associated with
combination therapy were observed. The common AEs observed in
this study are manageable despite their high incidence.

Furthermore, the prognostic impact of successful conversion
surgery was assessed. Of the 135 patients with primary uHCC, 40
patients were successfully treated with surgery after the completion
of combination therapy. The rate of surgical conversion in patients
with uHCC after systemic and local therapy varies widely (35, 37).
Owing to the small sample size of previous studies, there is a greater
possibility of selection bias. To the best of our knowledge, this study
employed the largest cohort to evaluate the efficacy of HAIC
combined with immunotherapy and targeted therapy in uHCC.
The surgical conversion rate of patients in this study is considered
significant for future investigation into this field. Multivariate Cox,
IPTW and E-value revealed that successful conversion surgery was
an independent prognostic factor in uHCC. This finding indicates
that surgical treatment should be administered to eligible patients
with primary unresectable liver cancer to improve their prognosis.

This retrospective study has several limitations. First, HAIC
combined with immunotherapy and targeted therapy has not been
used in clinical practice for a long time, and the overall follow-up
period was short. Further follow-up is required to establish long-
term efficacy and side effects. Second, this study had a retrospective
design with an unavoidable bias, such as selection bias in the
inclusion of patients and information bias in the evaluation of
imaging data. Due to being a retrospective study and a single-center
study, the collected data is somewhat limited. For example, Previous
studies showed that the nutritional state of HCC patients has a great
impact on prognosis (38). In our study, we did not gather
information about these factors. Additionally, because the data
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were collected from regional cancer centres, the results may not
apply to all primary care units. It is necessary to conduct
prospective multicentre studies to verify the results of this study.
According to our study, the short-term curative effect of patients is
greater than that of previous studies and randomized controlled
trials. Despite the favorable short-term efficacy of combination
therapy, selection bias may have contributed to this high efficacy.

In conclusion, HAIC combined with immunotherapy and
molecular targeted therapy has a higher tumour regression rate
and surgical conversion rate in patients with primary unresectable
liver cancer, and the side effects of this combination therapy are well
manageable. Patients undergoing surgery after combination therapy
have survival benefits.
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Background: Current paradigms of anti-tumor therapies are not qualified to
evacuate the malignancy ascribing to cancer stroma'’s functions in accelerating
tumor relapse and therapeutic resistance. Cancer-associated fibroblasts (CAFs)
has been identified significantly correlated with tumor progression and therapy
resistance. Thus, we aimed to probe into the CAFs characteristics in esophageal
squamous cancer (ESCC) and construct a risk signature based on CAFs to predict
the prognosis of ESCC patients.

Methods: The GEO database provided the single-cell RNA sequencing (scRNA-
seq) data. The GEO and TCGA databases were used to obtain bulk RNA-seq data
and microarray data of ESCC, respectively. CAF clusters were identified from the
scRNA-seq data using the Seurat R package. CAF-related prognostic genes were
subsequently identified using univariate Cox regression analysis. A risk signature
based on CAF-related prognostic genes was constructed using Lasso regression.
Then, a nomogram model based on clinicopathological characteristics and the
risk signature was developed. Consensus clustering was conducted to explore
the heterogeneity of ESCC. Finally, PCR was utilized to validate the functions that
hub genes play on ESCC.

Results: Six CAF clusters were identified in ESCC based on scRNA-seq data, three
of which had prognostic associations. A total of 642 genes were found to be
significantly correlated with CAF clusters from a pool of 17080 DEGs, and 9
genes were selected to generate a risk signature, which were mainly involved in
10 pathways such as NRF1, MYC, and TGF-Beta. The risk signature was
significantly correlated with stromal and immune scores, as well as some
immune cells. Multivariate analysis demonstrated that the risk signature was an
independent prognostic factor for ESCC, and its potential in predicting
immunotherapeutic outcomes was confirmed. A novel nomogram integrating
the CAF-based risk signature and clinical stage was developed, which exhibited
favorable predictability and reliability for ESCC prognosis prediction. The
consensus clustering analysis further confirmed the heterogeneity of ESCC.
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Conclusion: The prognosis of ESCC can be effectively predicted by CAF-based
risk signatures, and a comprehensive characterization of the CAF signature of
ESCC may aid in interpreting the response of ESCC to immunotherapy and offer
new strategies for cancer treatment.

KEYWORDS

esophageal squamous cell carcinoma, fibroblasts, risk signature, tumor immune
microenvironment, immunotherapy

1 Introduction

Esophageal cancer (EC) is a prevalent form of cancer, ranking
eighth among all cancer types, and is also the sixth most common
cause of cancer-related deaths globally (1). It primarily consists of
two major subtypes: esophageal squamous cell cancer (ESCC) and
esophageal adenocarcinoma (EAC). ESCC accounts for the majority
of esophageal cancer cases worldwide with a higher incidence in
East Asia and Africa. On the other hand, esophageal
adenocarcinoma (EAC) is more prevalent in many developed
countries (2). Despite the great achievements in the management
of ESCC, including surgery, endoscopic resection,
chemoradiotherapy, and immunotherapy, this aggressively
malignant tumor still extremely threatens patients’ health
attributed of its heterogeneity (3). Limited understanding of its
molecular etiology further makes up for the poor prognosis (4).
Thus, exploring the properties and identifying novel biomarkers for
ESCC is urgently needed.

Targeted therapies have made remarkable strides in the
management of diverse neoplastic conditions, such as esophageal
squamous cell carcinoma (ESCC). Immunotherapy, encompassing
the utilization of immune checkpoint inhibitors (ICIs)/
immunomodulators, therapeutic vaccines, monoclonal antibodies,
and adoptive cellular immunotherapy, constitutes a novel approach
in the management of esophageal cancer (EC). Of noteworthy
importance, ICIs have demonstrated efficacy in the management
of melanoma and non-small cell lung cancer, and have exhibited
encouraging outcomes in the treatment of advanced ESCC (5). An
overarching conclusion that the tumor microenvironment (TME) is
a multicellular context containing complex stromal-tumor
interactions has been well established (6). The induction of
proliferation, angiogenesis, inhibition of apoptosis, immune
system suppression, and evasion of immune surveillance are
intrinsically linked to TME. The tumor cells and surrounding
TME cells constantly adapt to the new conditions and promote
tumor growth. TME creates a niche for residing and interacting
cancer cells with their surrounding endothelial, and immune cells as
well as fibroblasts. The reciprocal communication between cancer
cells and stromal cells as well as immune cells induces changes in
the cellular components of TME, which predisposes cancer cells to
metastasis (7, 8). CAFs are a prominent stromal component in the
tumor microenvironment (TME) and are present in varying types
of solid tumors, making them an important target for treatment (9).
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Through various mechanisms, activated CAFs can facilitate tumor
growth, angiogenesis, invasion, and metastasis, as well as
extracellular matrix (ECM) remodeling and even
chemoresistance. CAFs communicate with immune cells that
infiltrate the tumor microenvironment (TIME), as well as other
immunological constituents, by releasing a plethora of cytokines,
growth factors, chemokines, exosomes, and other effectual
molecules. This phenomenon leads to the molding of an
immunosuppressive TIME, which facilitates cancer cells to elude
immune surveillance (10). All cellular and non-cellular constituents
of the tumor microenvironment can engage in intricate and tightly
regulated reciprocal dialogues, thereby promoting cancer initiation,
progression, and resistance to therapy. A comprehensive
comprehension of the crosstalk between the microenvironment
and cancerous cells is indispensable for devising innovative
therapeutic strategies (11). CAFs have been identified in divergent
types of tumors, including breast cancers and esophageal squamous
cancer (12, 13). Accumulating evidence has confirmed that CAFs-
specific signatures can be utilized for prognosis prediction in colon
cancer ascribing to several markers expressing in CAFs correlated
with prognosis (14). Recently, the interplay between CAFs and the
tumor immune microenvironment (TIME) has been recognized as
a crucial element in driving tumor progression (10). A study has
revealed that primary oral squamous cell carcinoma (OSCC)
tumors exhibit a negative correlation between WNT2+ cancer-
associated fibroblasts (CAFs) and active CD8+ T cells. The use of
anti-WNT2 monoclonal antibody has been shown to significantly
restore antitumor T-cell responses within tumors and increase
active dendritic cells (DCs) in both mouse OSCC and colorectal
cancer (CRC) syngeneic tumor models, thereby enhancing the
efficacy of anti-PD-1 treatment. Direct interference with CAFs-
derived WNT2 has been found to restore DC differentiation and
DC-mediated antitumor T-cell responses. Mechanistic analyses
have further demonstrated that CAFs-secreted WNT2 suppresses
the DC-mediated antitumor T-cell response through the SOCS3/p-
JAK2/p-STAT3 signaling cascades. Targeting WNT2 might
enhance the ICI efficacy and represent a new anticancer
immunotherapy (15). Thus, CAFs were frequently targeted in
anti-tumor immunotherapy (16). Yet, the mechanisms by which
CAFs regulate the antitumor immune responses in solid tumors are
currently not fully understood.

Recent progresses in single-cell sequencing has shed new light
on exploring biological systems with revolutionary solutions (17).

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1199040
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ren et al.

Different from bulk sequencing, which focuses on averaged data,
single-cell sequencing, including transcriptomics, epigenomics,
genomics, proteomics and metabolomics sequencing, is a splendid
tool to illuminate the cellular and molecular landscape at the single-
cell level (18). Single-cell sequencing, besides, has become
indispensable in decomposing tissues into cell type or cell states
and dissecting the cellular heterogeneity (19). Through single-cell
sequencing, conventional dendritic cell (¢cDC) and distinct
macrophage subsets were identified exerting enormous impact on
mediating cellular cross-talk in the tumor microenvironment,
providing myeloid-targeted immunotherapies for colorectal
patients (20). One recent research has offered a novel insight
complex cellular architecture and potential therapeutic measures
for patients diagnosed with breast cancer (21). Breaking down the
complexity of several tumors and characterizing heterogeneous
phenotypic states in extraordinary detail (20), single-cell
sequencing is quite suitable for ESCC analyses.

Numerous studies have been conducted on CAFs in esophageal
squamous cancer (ESCC), but the systematic characteristics of
CAFs and their correlation with ESCC prognosis and
immunotherapy response are not yet fully comprehended. In this
study, we obtained single-cell RNA sequencing (scRNA-seq) data
and transcriptome data from accessible databases to differentiate
CAF subclusters and establish a CAF-based risk signature for ESCC.
We evaluated the clinical significance of the CAF-based signature
and further analyzed the immune landscape and responsiveness to
immunotherapy associated with it. Finally, we developed a novel
nomogram that combines the CAF-based risk signature with
clinicopathological features to facilitate the clinical use of CAF
features in the prognosis of ESCC. Our findings could provide novel
insights into the pathophysiology of ESCC, bringing about
personalized treatments and improved outcomes for patients
with ESCC.

2 Methods
2.1 Data collection and processing

ESCC scRNA-seq data was acquired in Gene Expression
Omnibus (GEO) database (accession number GSE191756). We
screened out single cells with any gene expressed in fewer than
three cells or those expressing fewer than 250 genes. The percentage
of rRNA and mitochondria was then calculated with the
PercentageFeatureSet function in the Seurat R package (22).
Consequently, 12118 cells were totally obtained for
subsequent analysis.

We further collected transcript data, single-nucleotide variants
(SNV), copy number variants (CNV), and corresponding clinical
data of ESCC from The Cancer Genome Atlas (TCGA) database.
Samples lacking outcome status or survival data were excluded and
94 ESCC samples were obtained, which were utilized for external
validation. GSE53624 data with 119 tumor samples and 119 normal
ones was used as the training cohort after abandoning samples
without follow-up acquired from Gene Expression Omnibus (GEO)
database (The clinical characteristics of both the training cohort and
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the test cohort were exhibited in Supplementary Tables). Based on
the literature, ten cancer-associated pathways (Cell Cycle, NRFI,
MYC, NOTCH, HIPPO, PI3K, TP53, PI3K, WNT, and TGF-Beta)
were identified and analyzed about their gene expression profiles in
our dataset.

2.2 CAF definition

The scRNA-seq data of ESCC was re-analyzed using the Seurat
package, with the aim of providing a systematic characterization of
the CAF signature. To start the data preprocessing, cells with less
than 250 or more than 6000 expressed genes were removed, and the
remaining expressed genes were log-normalized. Next, the
FindIntegrationAnchors function was utilized. To reduce the
dimensionality of the data, the t-distributed Stochastic Neighbor
Embedding (tSNE) method was applied, utilizing a resolution of 0.1
and selecting 30 principal components. The tSNE method
employed was non-linear in nature. To classify the single cells
into various subgroups, we utilized the FindNeighbors and
FindClusters functions (dim = 30 and resolution = 0.1).
Additionally, we performed tSNE dimensional reduction using
the RuntSNE function. Fibroblasts were annotated according to
four marker genes, including PDGFRB, ACTA2, FAP, and
NOTCHS3. Subsequently, the fibroblasts were re-clustered using
the FindClusters and FindNeighbors functions. To define the
marker genes for each CAF cluster, we used the FindAllMarkers
function with a comparison between different clusters (minpct =
0.35, logFC = 0.5, and adjust p-value < 0.05). We utilized the
CopyKAT R package to analyze the CNV characteristics of the CAF
clusters and distinguish them from tumor cells and normal ones.
Finally, Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis was conducted on the marker genes using
the clusterProfiler package (23).

2.3 Identification of hub genes based
on CAF

Differentially expressed genes (DEGs) between normal and tumor
tissue were identified using the limma package (24, 25), based on
criteria of |log2(FoldChange)|>1 and a false discovery rate (FDR)<0.05.
Next, the correlations between CAF clusters and DEGs were evaluated,
and key CAF-related genes with p<0.01 and cor>0.4 were identified. To
identify prognosis-related genes, the survival package was utilized to
conduct univariate Cox regression analysis (26). The least absolute
shrinkage and selection operator (lasso) was used to reduce the number
of genes (27). Multivariate Cox regression analysis was conducted using
the stepwise regression method to establish a CAF-based risk signature,
which was calculated using the formula: 0.093*ANGPTL7 + 0.15*C6 +
0.121*CSRP1+-0.08*EXPH5 + 0.12*F2RL2 + 0.014*KCNMA1
+-0.373*MAGEC3 + 0.143*MAMDC2+-0.188*SLC4A9. The patients
were classified into low- and high-risk groups using zero-mean
normalization. The predictive value of the risk signature was
evaluated using the timeROC package to perform receiver operating
characteristic curve (ROC) analysis. The results demonstrated that the
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risk signature had significant predictive value for patient prognosis. In
summary, our analysis provides important insights into the molecular
mechanisms underlying tumor development and highlights the
potential of CAF-related genes as prognostic biomarkers for
cancer patients.

2.4 A novel nomogram constructed based
on the risk signature

After conducting univariate and multivariate Cox regression
analyses based on the risk signature and clinicopathological features
(24, 28), a novel nomogram was constructed to predict the
prognosis of ESCC using variables with p<0.05 in the multivariate
Cox model. The predictive accuracy of the model was evaluated by
generating a calibration curve.

2.5 Immune landscape analysis

The correlation between the risk signature and the tumor
immune microenvironment (TIME) was comprehensively
assessed using several algorithms, including CIBERSORT, EPIC,
MCPCOUNTER, and TIMER (29). Stromal scores, immune scores,
and estimate scores (stromal scores + immune scores) were
calculated using the “estimate” R package to evaluate differences
in the tumor microenvironment of patients (30, 31). Besides, the
proportions of 22 immune cell subtypes were estimated using the
CIBERSORT algorithm based on the GSE53624 cohort. The
correlation between genes comprising the signature and immune
score were further explored to illuminate the great impact those
genes exert on immune-related functions.

2.6 Response to immunotherapy

Anti-PD-1 or anti-PD-L1 checkpoint inhibition therapy has
gained increasing attention as a crucial component of
immunotherapy. Transcriptomic data as well as corresponding
clinical data from patients who received anti-PD-L1 therapy from
the IMvigor210 cohort were collected to evaluate the performance
of the risk signature in predicting responsiveness to
immunotherapy (immune checkpoint blocks). Additionally,
transcriptomic data from the GSE78220 cohort, which included
melanoma patients who received anti-PD-1 checkpoint inhibition
therapy before treatment, were downloaded.

2.7 Consensus clustering analysis and
immune infiltration

To further probe into the heterogeneity of ESCC, all ESCC

patients were separated into different clusters according
to the expression of CAF-related genes with the R package
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‘ConsensusClusterPlus’ (22). Differences in survival, TIME, and
immune checkpoints were evaluated among subgroups using the
same methodology as previously employed. The immune landscape
of ESCC patients based on different clusters was demonstrated in
the form of heatmap.

2.8 RNA isolation and quantitative
RT-PCR assay

Total RNA was isolated from ESCC cells or tissues using TRIzol
reagent (Thermo Fisher Scientific, Waltham, MA, USA). The
complementary DNA (cDNA) was synthesized as per the
manufacturer’s instructions, utilizing the RevertAid™ First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific). qRT-PCR was
performed with SYBR Green PCR kit (Takara Bio, Otsu, Japan)
on a StepOne Real-Time PCR system (Thermo Fisher Scientific).
The relative gene expression levels were quantified by employing
the 2- A /\CT method.

2.9 Statistical analysis

All statistical analyses were performed using R software (version
4.1.0). The Wilcoxon test was used for comparing two groups, while
Spearman or Pearson correlation was used for correlation matrices.
Survival differences through K-M curves were assessed using the
Log-rank test, where statistical significance was defined as p-value
< 0.05.

3 Results

3.1 CAFs screening based on
scRNA-seq samples

The flow-process diagram of our study was depicted in Figure 1.
After initial screening, 18024 cells were totally obtained based on
the scRNA-seq data. As was shown in Figure S1, the details of data
preprocessing were demonstrated. After conducting log-
normalization and dimensionality reduction, 32 subpopulations
were obtained (Figure 2A). As presented in Figure 2B, six CAF
populations were further identified with four marker genes
(FDGFRB, FAP, ACTA2, and NOTCH3). The proportions of the
six clusters in each cohort were then calculated and the results were
illustrated in histograms (Figure 2C). Moreover, KEGG analysis
illuminated that the DEGs (which were obtained using R package
‘FindVariableFeatures’) were significantly enriched in various
pathways, including tight junction, complement and coagulation,
focal adhesion and so on (Figure 2D). Additionally, distributional
differences between tumor and normal cells in the six CAF clusters
were presented in Figure 2E. In addition, the expression of TOP 5
DEGs were respectively exhibited in heatmap (Figure 2F), bubble
diagram (Figure 2G), and volcano plot (Figure 2H).
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FIGURE 1
The flow chart of this study.

3.2 The exploration of cancer-related
pathways in CAF

To probe into the correlations between tumor progression and
the CAF clusters, we explored the features of ten tumor-related
pathways based on the six CAF clusters. GSVA scores of these
divergent pathways were estimated based on various CAF clusters,
and the results were depicted in Figure 3A. Significant differences
about the ratio of malignant cells were obtained in CAF_0 and
CAF_4, where the malignant cells accounted for a few proportions.
By contrast, the ratio of malignant cells was remarkably higher
among CAF_1, CAF_2, CAF_3, and CAF_5 (Figure 3B). Besides,
slight differences were identified after performing the GSVA
analysis of these tumor-related pathways between non-malignant
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and malignant cells in each CAF cluster (Figures 3C-F). (GSVA
scores analysis based on CAF_0 CAF_1 was shown in Figures
S2A, B)

Furthermore, the ssGSEA score of the marker genes (the TOP 5
DEGs obtained in Figures 2F-H) were analyzed in each CAF cluster
based on the GSE53624 cohort to illustrate the relationships
between the CAF clusters and crucial clinicopathological
characteristics. Interestingly, tumor samples were found having
higher scores compared with normal ones only in CAF_0 and
CAF_3, while among the other clusters, normal samples gained
significantly higher scores (Figure S2C). In addition, ESCC samples
of GSE53624 cohort were divided into high-and-low score groups
according to the optimal cut-off value with survminer R package. In
the CAF_2, CAF_4, and CAF_5 clusters, samples in the low-CAF
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FIGURE 2

The identification of CAF clusters according to scRNA data of ESCC patients. (A) tSNE plots of distribution of 32 clusters and fibroblasts-based
marker genes expression. (B) tSNE plots of distributions of five fibroblasts after clustering. (C) Subgroups in cancer and adjacent tissue and
proportion as well as cell number calculation. (D) KEGG analysis of five fibroblasts subgroups. (E) tSNE distribution of malignant and non-malignant
cells predicted by copycat package. (F) Heatmap of the top5 marker gene expression of subgroups. (G) Bubble diagram of the top5 marker gene
expression of subgroups. (H) Volcano plot of the top5 marker gene expression of subgroups.

score subgroup shared a more favorable prognosis compared with
those in high-CAF subgroup. CAF_0, CAF_1, and CAF_3, however,
were identified not associated with the prognosis of ESCC
(Figure S2D).

3.3 ldentification of hub genes correlated
with CAF

Firstly, DEGs were screened out between normal and tumor
samples to establish a risk signature. As depicted in Figure 4A, 17080
DEGs were totally obtained, with 7556 down-regulated and 9524 up-
regulated DEGs. Among them, a total of 642 genes were identified
significantly related with those prognosis-related CAF clusters
(Figure 4B). After univariate Cox regression analysis, the prognosis
of each gene was evaluated, with 8 genes being identified related to
protective factors and 18 genes correlated with risk values. Lasso Cox
regression analysis was then performed to reduce the number of genes
(Figure 4C). Furthermore, the stepwise regression method was utilized
to develop the risk signature after performing multivariate Cox
regression analysis. The signature was composed with nine genes
(Figures 4F, G), namely complement C6, MAM domain containing
2 (MAMDC2), cysteine- and glycine-rich protein 1 (CSRPI1),
coagulation factor II thrombin receptor like 2 (F2RL2), angiopoietin
like 7 (ANGPTL7), potassium calcium-activated channel subfamily M
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alpha 1 (KCNMAL), exophilin 5 (EXPH5), solute carrier family 4,
sodium bicarbonate cotransporter, member 9 (SLC4A9), and MAGE
family member C3 (MAGEC3). And the risk model formula is as
follows: RiskScore=“0.093*ANGPTL7 + 0.15*C6 + 0.121*CSRP1
+-0.08*EXPH5 + 0.12*F2RL2 + 0.014*KCNMA1+-0.373*
MAGEC3 + 0.143*MAMDC2+-0.188*SLC4A9”.
each sample was calculated using z-mean normalization, and the

The risk score of

patients were then separated into high-and-low-risk groups. The
Kaplan-Meier survival analysis exhibited that patients in high-risk
groups encountered with worse prognosis compared with those in
low-risk groups both in GSE53624 (Figure 4D) and TCGA cohorts
(Figure 4E). Additionally, both the GSE53624 and TCGA cohorts
exhibited satisfying AUC values of the model, revealing that the
predictive power of the signature was excellent. The last, the
distribution of patient survival status, risk score, and expression of
hub genes in GEO and TCGA cohorts were depicted in Figure S3.

3.4 Independent risk factors recognition
and nomogram construction

To improve the accuracy of our predictive model, we
incorporated clinicopathological characteristics and the risk score
through univariate and multivariate Cox regression analyses. Our
multivariate analysis revealed that the risk signature was the most
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significant independent prognostic factor for ESCC, with a p-value
of less than 0.001 (Figures 5A, B). We have developed a new
nomogram that incorporates T-stage, N-stage, and the risk score
(shown in Figure 5C). Through calibration plot analysis, this
nomogram was found to have strong predictive power for actual
survival outcomes (Figure 5D). The TimeROC analysis in the
TCGA cohort has confirmed that the area under the curve (AUC)
of both the nomogram and risk score outperformed other
indicators (Figure 5E).

3.5 Pathway enrichment analysis

To explore the fundamental functions those DEGs play in
initiation and progression of ESCC, Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Gene Ontology (GO) analysis were
conducted. As shown in Figures 6A-E, the up-regulated genes were
most enriched in base excision repair, cell cycle, and DNA
replication, while the down-regulated genes were significantly
correlated with arachidonic acid metabolism, calcium signaling
pathway, and histidine metabolism. Likewise, the results of GO
analysis were presented in Figures 6B-D. Furthermore, Gene Set
Enrichment Analysis was conducted based on the nine genes
involved in the risk signature. The results illustrated that 7
pathways were remarkably associated with these nine genes
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nd non-malignant cells. Comparison of each pathway between malignant
1 (Figure S2B), CAF_2 (C), CAF_3 (D), CAF_4 (E), CAF_4 (F). (Wilcox. Test,

(Figures 6F, G). Interestingly, olfactory transduction was
positively correlated with the genes except for EXPH5, MAGECS3,
and SLC4A9, which were identified to have protective values in
ESCC, indicating that olfactory transduction might suppress the
immigration and progression of ESCC.

3.6 Immune infiltrations landscape
and relationship between risk
genes and immunity

After conducting an investigation into the landscape of immune
and stromal cell infiltrations in both low- and high-risk groups,
Figure 7A demonstrated that patients in the high-risk group exhibit
higher proportions of immune and stromal cell infiltrations when
compared to those in the low-risk group. Besides, the immune cells
proportions between the low-and-high-risk groups were estimated
using the CIBERSORT algorithm. It was found that the high-risk
group had higher proportions of resting memory CD4 T cells,
Macrophages (M2), and resting mast cells, while naive B cells were
more enriched in low-risk group (Figure 7B). Figure 7C exhibited
the results of immune-related functions differences between high-
and-low-risk groups.

Additionally, the relationship between risk genes and immunity
was probed into. On the one hand, Figures 7D-H demonstrated
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that the protective genes (including EXPH5, MAGEC3, and
SLC4A9) were found negatively correlated with stromal score,
immune score, and estimate score. On the other hand, the risk
genes (including PR1, F2RL2, KCNMA1, and MAMDC2) were
identified positively correlated with divergent immune cells
(Figures 7F, I). Finally, the reciprocal communication between the
75 immune-related genes and the nine model genes were displayed
in Figure 7G.

3.7 Response prediction of risk signature
to immunotherapy

Under the circumstances that T-cell immunotherapy has gained
great achievements in recent years, we performed the assessment of
prognostic value of our signature for immune-checkpoint therapy
in GSE78220 and IMvigor210 cohorts. Divergent degrees of
responsiveness of anti-PD-L1 receptor blockers were identified in
the 348 patients from the IMvigor210 cohort, including partial
response (PR), complete response (CR), progressive disease (PD),
and stable disease (SD). As depicted in Figures 8A-C, patients in the
high-risk group accounted for more proportions in PD/SD, and had
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worse prognosis than those in the low-risk group. Besides, SD/PD
patients tended to gain higher risk scores than CR/PR patients.
However, significant survival differences were identified neither in
Stage I+II nor in Stage III+IV patients between the different risk
subgroups (Figures 8D, E). To validate our findings, the GSE78220
cohort was enrolled for further analysis. Corresponding with the
results from IMvigor210, patients who achieved partial or complete
response had lower risk scores and were less likely to be in the high-
risk group (Figures 8F-H).

3.8 Consensus clustering and
immune infiltrations

Moreover, unsupervised consensus clustering was conducted to
explore molecular subtypes based on the expression of CAF-related
genes comprising the risk signature. With k = 3 deemed as the
optimal clustering stability, patients in GSE53624 cohort were
grouped into three clusters (Figure 9A). The ridge plot exhibited
the distribution of various clusters (Figure 9B). Besides, as presented
in Sankey diagram (Figure 9D), Cluster 1(C1) and Cluster 3(C3)
made up the low-risk group while the high-risk group was
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comprised of Cluster 2 (C2) and Cluster 3 (C3). Subsequent survival
analysis illustrated those patients in the C1 group had the most
favorable prognosis, while patients in the C3 group had the worst
clinical outcomes (Figure 9C). The immune landscape based on
different clusters were shown in heatmap (Figure 9E), which
indicated that C2 cluster beard the highest immune cell
infiltrations. The TME scores of varying clusters were then
calculated, revealing that C2 cluster had the highest immune,
stromal, and estimate score as well as lower tumor purity than
the other clusters. (Figures 9F-I). After applying the immune
checkpoints inhibitors analysis, it was identified that C2 cluster
was significantly correlated with BTLA, CTLA4, CD48, and so on,
suggesting that patients involved in the C2 group might benefit
from immunotherapy, especially anti-PD-1 receptor blockers.

3.9 Drugs sensitivity

After comparing the efficacy of various chemotherapeutic
agents across different clusters, we discovered that patients
belonging to cluster 2 (C2) exhibited elevated IC50 values for
chemotherapeutic medications such as Bosutinib, Gefitinib, and
AICAR. Additionally, patients in cluster 1 (C1) were observed to be
more receptive to AMG.706, IPA.3, and the like, while those in
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cluster 3 (C3) demonstrated poorer response rates to the majority of
chemotherapeutic treatments (Figure 10).

3.10 The experiment of genes involved in
the risk signature

To explore potential ESCC cancer risk-related genes, four genes
involved in the risk signature were selected for further validation in
ESCC patients. As demonstrated in Figure 11, F2RL2 exhibited
elevated expression levels in tumors, whereas SLC4A9, EXPH5, and
MAGECS3 exhibited significantly reduced expression levels in
tumors. These distinctions align with our bioinformatic findings,
suggesting that these genes may serve as innovative biomarkers for
early ESCC diagnosis.

4 Discussion

The tumor microenvironment, as well known, encompasses the
non-cancerous cells and components that are found within a tumor,
along with the molecules that they produce and release (32).The
continuous interactions between tumor cells and the tumor
microenvironment are crucial in determining the tumor’s
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initiation, progression, metastasis, and response to therapies (33).
Numerous studies have provided compelling evidence to support
the idea that there is a dynamic crosstalk between tumor cells and
stromal cells, which plays a critical role in tumor progression (34).
By understanding the mechanism of this interaction, there is an
opportunity to develop enhanced therapeutics that target multiple
components of the TME simultaneously, ultimately increasing the
likelihood of favorable patient outcomes (35). Considering that
cancer-associated fibroblasts (CAFs) have been identified linked
with tumor initiation and progression (36), a comprehensive
exploration on characterization and classification of CAFs of
ESCC via scRNA-seq data was performed. Six distinctive CAF
clusters were identified, which might exert enormous influence on
divergent biological regulation of the TME. Accumulating evidence
has confirmed that CAF-related gene signature has great prognostic
value in ESCC (37, 38). Correspondingly, three clusters in our data
were found significantly associated with ESCC prognosis. After
analyzing the tumor-related pathways based on the CAF clusters,
HIPPO, NOTCH, and RAS were identified significantly enriched in
malignant parts in CAF_2, CAF_3, CAF_4, and CAF_5 clusters. It
has been revealed that HIPPO and RAS signaling pathways can
impel the tumor proliferation and immigration in ESCC (39, 40). A
recent study has illuminated that via Notch signaling pathway
METTL3-mediated m6A mRNA modification can propel
esophageal cancer initiation and progression (41). Besides, it has
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been discovered that a depletion of PARK2 promotes the
progression of esophageal squamous cell carcinoma (ESCC) via
the Hippo/YAP axis, whereas overexpression of PARK2 suppresses
tumor progression of ESCC through the Hippo signaling pathway.
Consequently, as a newfound regulator of Hippo signaling, the
manipulation of PARK2 activity or gene expression levels may
prove to be a promising strategy for treating esophageal cancer (39).
According to the genes included in the CAF clusters which were
identified significantly correlated with ESCC prognosis, a novel risk
signature based in CAFs were established. Our model comprised of
6 risk genes (C6, MAMDC2, CSRP1, F2RL2, ANGPTL7, and
KCNMAL), and 3 protective genes (EXPH5, SLC4A9, and
MAGEC3). It has been revealed that ANGPTL7 had an excellent
performance as a surrogate marker of microvascular invasion on
hepatocellular carcinoma (42). Besides, several genes (including
MAMDC?2, F2RL2, and KCNMA1) were enrolled as biomarker for
the prognosis of varying cancers (43-45). It has been confirmed that
MAGEC3 can stimulate cancer metastasis via intriguing epithelial-
mesenchymal and immunosuppression in ESCC (46). The GSEA
analysis was then applied, demonstrating that protective genes were
enriched in olfactory transduction, while risk genes were
remarkably associated with other pathways, such as vascular
smooth muscle contraction, dilated cardiomyopathy, colorectal
cancer and so on. Interestingly, PLK1 has been confirmed suitable
for cancer therapy due to its function in regulating contraction of
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postmitotic smooth muscle cells (47). Moreover, F2RL2 was
identified significantly correlated with initiation and progression
of colorectal cancer (48). Several researches suggested that high
burden of doxorubicin can threaten cancer patients’ health owing to
dilated cardiomyopathy (49). Furthermore, the novel signature was
confirmed to have excellent prognostic value in ESCC after applying
TCGA ESCC cohort for external validation. After categorizing the
patients into high- and low-risk groups based on the median risk
score, the subsequent analysis revealed that the low-risk group had a
significantly better prognosis than the high-risk group.
Additionally, both univariate and multivariate Cox regression
analyses verified that the risk score was an independent predictor
of overall survival (OS). A nomogram was constructed based on the
risk signature, which displayed a high degree of consistency
between the predicted and observed results for the OS of ESCC
patients. Consequently, the study’s findings illustrated that the risk
signature created was a dependable tool for accurately predicting
the prognosis of ESCC patients. With the risk signature, earlier
diagnosis and therapy can be received in ESCC patients. The
identified CAF-related gene signature provides a potential
prognostic tool for predicting patient outcomes and may help
guide treatment decisions for ESCC patients. The signature has
the potential to improve patient stratification and identify those
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who may benefit from more aggressive treatment strategies or
targeted therapies. In addition, the identification of the specific
genes in the CAF signature provides potential targets for
therapeutic intervention, such as drugs that target the
overexpressed risk genes or enhance the expression of the
protective genes.

The vigorous development of cancer immunotherapy has shed
a novel light on the cancer treatment, which extremely depended
on the comprehensive perception of immune landscape in tumor
microenvironment (50). The tumor microenvironment is a
complex ecosystem comprised of diverse cell types that
significantly impact cancer biology and the effectiveness of
therapeutic interventions (51). Considering that such a bunch of
ESCC patients still suffer from the unfavorable prognosis in spite
of receiving immunotherapy ascribing to immune escape or
immune tolerance (52), we explored the immune landscape of
ESCC based on the CAF-related risk signature. It was found that
the high-risk group had a higher proportion of immune cells
infiltration. Nevertheless, macrophages (M2) were identified
significantly enriched in high-risk group in the subsequent
analysis, which has been confirmed to incite immune tolerance
in cancer immunotherapy (53). Taken above results into
consideration, we infer that patients in low-risk group are more
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Prediction of responsiveness to immunotherapy using our signature based on public database. (A) Prognostic differences between risk subgroups in
the IMvigor210 cohort. (B) Differences among immunotherapy responses based on risk scores in the IMvigor210 cohort. (C) Distribution of
immunotherapy responses based on risk subgroups in the IMvigor210 cohort. (D) Prognostic differences between risk subgroups based on early
stage (stage I-11) in the IMvigor210 cohort. (E) Prognostic differences between risk subgroups based on advanced patients (stage IlI-1V) in the
IMvigor210 cohort. (F) Prognostic differences between risk subgroups in the GSE78220 cohort. (G) Differences among immunotherapy responses
based on risk scores in the GSE78220 cohort. (H) Distribution of immunotherapy responses based on risk subgroups in the GSE78220 cohort.

likely to benefit from immunotherapy. The relationship between
immune infiltration and genes composing the risk signature were
further analyzed. Risk genes were positively correlated with
immune score while protective genes were negatively associated
with immune score. In addition, to probe into the response to
anti-cancer immunotherapy, IMvigor210 and GSE78220 cohorts
were enrolled for analysis. Within the two cohorts, patients
belonging to low-risk group account for higher proportions of
partial response (PR) and complete response (CR) after
immunotherapy of anti-PD-L1 receptor blockers. Consistent
with above results, patients in low-risk group benefit more from
immunotherapy than those in high-risk group. However,
immunotherapy in ESCC is far from anti-PD-1 or anti-PD-L1,
further researches are urgently needed to provide precise and
comprehensive management for patients diagnosed with ESCC.
An overarching conclusion that esophageal squamous cancer
is highly heterogeneous has been well received. Uncovering the
heterogeneity of ESCC could revolutionized the management of
this malignant cancer and provide patients with more favorable
prognosis (51). Thus, we preformed consensus clustering in
GSE53624 cohort based on the risk signature. Cluster 2(C2) was
found made up by the high-risk group and with the worst
prognosis. Besides, C2 had the highest immune score, stromal
score, and estimate score and was identified significantly
correlated with several immune checkpoints (including BTLA,
CD48, CD44, CTLA4, CD28, IDO2, and so on), revealing that
patients in Cluster 2 might be suitable for immunotherapy of
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immune checkpoints inhibitors. Last but not the least, various
CAF-associated genes implicated in the risk signature were
subsequently subjected to validation using ESCC tissues. In line
with our bioinformatic findings, F2RL2 was determined to be
highly expressed in tumors; conversely, SLC4A9, EXPH5, and
MAGEC3 were observed to be significantly under-expressed in
tumors. It has been revealed that F2RL2 can promote the
tumorigenesis and immigration of breast cancer (44), indicating
that these genes may serve as innovative biomarkers for early
ESCC diagnosis. Although our study provides valuable insights,
there are some limitations that require attention. Firstly, our risk
signature was established based on retrospective data obtained
from public databases. Thus, more prospective and multi-center
cohorts of ESCC are necessary to mitigate any potential bias.
Secondly, our risk signature only predicts the responsiveness to
anti-PD-L1 immunotherapy, further research is urgently needed
to assess its potential for predicting the response to other precision
therapies in the future.

5 Conclusion

In our study, we conducted an extensive investigation into the
populations of CAFs in ESCC and identified six distinct CAF
clusters. Three of these clusters were significantly associated with
ESCC prognosis and were used to establish a prognostic risk
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< 0.01, ***p < 0.001).
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signature consisting of nine genes based on the CAFs. Moreover,
we developed a novel nomogram that combined the risk signature
with clinicopathological characteristics, which exhibited excellent
performance in predicting the clinical outcomes of patients with
ESCC. We also observed that our risk signature was associated
with tumor mutations and immune landscape, and that it is
suitable for predicting the responsiveness of ESCC patients to
immunotherapy targeting PD-L1 blockade.
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Digestive tract cancers, including esophageal, gastric, and colorectal cancers, are
the major cause of death among cancer patients worldwide due to the
heterogeneity of cancer cells, which limits the effectiveness of traditional
treatment methods. Immunotherapy represents a promising treatment strategy
for improving the prognosis of patients with digestive tract cancers. However,
the clinical application of this approach is limited by the absence of optimal
targets. Cancer/testis antigens are characterized by low or absent expression in
normal tissues, but high expression in tumor tissues, making them an attractive
target for antitumor immunotherapy. Recent preclinical trials have shown
promising results for cancer/testis antigen-targeted immunotherapy in
digestive cancer. However, practical problems and difficulties in clinical
application remain. This review presents a comprehensive analysis of cancer/
testis antigens in digestive tract cancers, covering their expression, function, and
potential as an immunotherapy target. Additionally, the current state of cancer/
testis antigens in digestive tract cancer immunotherapy is discussed, and we
predict that these antigens hold great promise as an avenue for breakthroughs in
the treatment of digestive tract cancers.

KEYWORDS

cancer/testis antigens, digestive tract cancers, immunotherapy, target, esophagus
cancer (adenocarcinoma), gastrointestinal carcinoma

1 Introduction

Cancers affecting the digestive tract, such as esophageal cancer, gastric cancer, and
colorectal cancer (CRC), continue to be the primary cause of death among cancer patients
worldwide (1). Due to application of endoscopic screening, the detection rate of early-stage
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digestive tract cancers has increased. However, the mortality is still
very high because of the heterogeneity of cancers and little
improvement in the standard gold therapy suitable for tumors of
the digestive tract. It is therefore essential to search for specific
prognostic and predictive molecular signatures to guide targeted,
individualized therapy. Immunotherapy, which aims to enhance the
body’s natural defenses to eliminate malignant cells, represents a
monumental breakthrough in cancer treatment and has
revolutionized the field of oncology (2). To develop effective
immunotherapy treatments, it is crucial to first identify tumor
antigens. Cancer/testis antigens (CTAs) are expressed in the testes
and various types of cancer but have limited expression in normal
adult somatic cells and tissues. These antigens can be recognized by
cytolytic T lymphocytes (CTLs) (3, 4). Moreover, CTAs have been
reported to be expressed in digestive tract tumors and exhibit
specific biological functions. The upregulation of CTAs has been
linked to several unfavorable outcomes commonly associated with
cancer (5), including promotion of tumor cell stemness (6, 7),
elevation of cancer cell tumorigenicity (8), enhancement of mobility
(9) and metastasis (10), and conferment of drug resistance (11).
These characteristics render CTAs ideal candidates as novel
immunotherapeutic targets in digestive tract cancers. The aim of
this review is to highlight the latest advances and hypotheses
regarding the involvement of CTAs in the pathogenesis of
digestive tract cancers and to investigate their potential as targets
for cancer immunotherapy.

2 CTAs in the digestive tract cancers
2.1 Discovery and types of CTAs

Melanoma antigen-1 (MAGE-1, MAGE-A1, MA2-E), a
member of the MAGE family, was the first CTA discovered by
Alexander Knuth and Thierry Boon in 1991 (12). With a new
method called serological identification of antigens by recombinant
expression cloning (SEREX) (13), many more CTAs were
uncovered, such as synovial sarcoma, X breakpoint 2 (HOM-
MEL-40/SSX2) (13), New York’s esophageal squamous cell
carcinoma 1 (CTAGI1B, NY-ESO-1) (14, 15), synaptonemal
complex protein 1 (SCP1) (16), and CT7 (17). Although the first
CTAs was discovered in 1991, the name was defined in 1998 (17).
To facilitate the organization of the expanding collection of CTAs,
the Cancer-Testis database (CTdatabase, http://www.cta.Incc.br/)
was established as a user-friendly interface. Over 730 CTAs
belonging to over 100 gene families have been identified in many
cancer tissues, where their expression is significantly elevated
compared with normal tissues and predominantly restricted to
germ cells and trophoblasts. Although not all of them have been
demonstrated to induce immune responses, they are collectively
referred to as CTAs (18).

Cancer/testis (CT) genes are typically expressed in germ line
cells, trophoblasts, and certain cancer cells. CT genes are classified
into three groups based on their expression profiles: testis-
restricted, testis/brain-restricted, and testis-selective. The majority
of CTAs are encoded by CT genes (19). However, due to the lack of
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a clear and universally applicable definition for CT genes, Oliver
Hofmann used multiple in silico gene expression analysis
technologies to investigate the expression patterns of a set of 153
CTAs in normal and cancer tissues. The CTA genes are further
classified into two categories: CT-X and non-X CT genes. CT-X
family members are subject to more stringent transcriptional
regulation in somatic tissues, making them more suitable for
immunotherapy applications (20). The CTdatabase has identified
a total of 276 CTA genes, of which 127 (46%) are located on the X
chromosome, whereas the remaining are distributed across the
autosomes and Y chromosome.

2.2 Expression of CTAs in the digestive
tract cancers

Many CTAs were expressed in the human digestive tract
cancers. However, the expression profile was diverse in the
different digestive tract cancer tissues and cell lines (Figure 1
and Table 1).

2.2.1 Esophagus cancer

In 1995, Masaki Mori found that MAGE-1, -2, -3 were
expressed in 26, 18, and 24 of 42 surgical esophageal cancer
tissues and 5, 4, and 4 of 12 human esophageal cancer cell lines,
respectively. At least one of the them were expressed in 33 of 42
esophageal tumor tissues, and all of them expressed in 12 of 42
esophageal tumor tissues. However, none of them were expressed in
the 42 normal esophageal tissues (21). Apart from that, MAGE-A
was detected in 38 of 98 (22) and 111 of 213 (23) esophageal
cancer patients.

The MAGE gene family consists of several subfamilies, one of
which is the MAGE-A subfamily that includes MAGE-A1 to -A12
(24). In esophageal cancer, several members of the MAGE-A
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FIGURE 1
Expression and immunological therapy of CTAs in the digestive tract cancers.
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TABLE 1 The expression of CTA in the digestive tract cancers.

10.3389/fimmu.2023.1190883

Cancer type Name Positive/total Reference
MAGE-1 26/42 21
MAGE-2 18/42 21
MAGE-3 24/42 21

MAGE-A family 38/98 22
MAGE-A family 111/213 23
MAGE-A4 38/41 25
MAGE-A9 57/103 26
MAGE-A3 11/12 27
Esophagus cancer MAGE-AI11 37196 28
BAGE Low/48 29
GAGE Low/48 29
GAGE 42/213 23
NY-ESO 41/123 31
NY-ESO 44/213 23
NY-ESO 17/41 25
BORIS 28/50 33
LAGE1 16/41 25
MAGE-C2 5/51 36
MAGE-A1 47/86 37
MAGE-A1 4/41 38
Gastric cancer GAGE 6/51 36
MAEL 17/80 39
TSP50 191/334 41
CT55 3/14 51
MAGE-A family None/34 42
MAGE-A2 87/100 45
MAGE-A7 83/100 45
MAGE-A8 75/100 45
MAGE-A12 71/100 45
MAGE-B2 75/100 45
MAGE-B3 79/100 45
Colorectal cancer MAGE-D2 75/100 45
MAGE-F1 79/100 45
MAGE -H1 70/100 45
MAGE-1 14/121 44
MAGE-3 33/121 44
MAGE-4 27/121 44
CAGE 31/34 42
LAGE-1 19/121 44
(Continued)
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TABLE 1 Continued

10.3389/fimmu.2023.1190883

Cancer type Name Positive/total Reference
NY-ESO-1 2/34 42
NY-ESO-1 12/121 44
NY-ESO-1 None/62 5

$SX-1 6/121 44
SSX-2 3/121 44
SSX-2 2/34 42
SSX-4 3/121 44
SSX-4 3/34 42
CT-10 8/121 44
SCP-1 2/121 44
SPAGY 41/62 5
AKAP4 27/62 5
Biot2 108/147 46
BCP-20 22/57 47
HSPA2 156/200 48
LEMDI 17/18 49
IGF2BP3 56/110 50
SPAGI 15/110 50
ATAD 92/110 50
CTAS5 3/18 51
PLAP 25/116 52

subfamily, including MAGE-A4 (25), MAGE-A9 (26), MAGE-A3
(27), and MAGE-A11 (28) have been detected. In addition to the
MAGE-gene family, B melanoma antigen (BAGE) and G antigen
(GAGE) families were also expressed in various tumors of different
histological origins, including the esophageal squamous and
esophageal adenocarcinoma (29). Similarly, they were not
expressed in normal tissues other than testis (30).

Additionally, NY-ESO-1, which is also known as cancer/testis
antigen 1B (CTAG]), is a prototypical member of the cancer-testis
gene family and was originally identified from esophageal cancer
(31). NY-ESO-1 is a major CTA in several studies. A study reported
that 33% (41 out of 123) of esophageal squamous specimens showed
positive mRNA expression for NY-ESO-1 (31). In two other studies,
the proportions are 20.7% (23) and 41.4% (25), respectively.
Usually, the expression of CTAs was not independent. A reported
strong correlation was observed between the expression of cancer/
testis antigen 2 (LAGE-1) and the expression of NY-ESO-1 and
MAGE genes in esophageal squamous cancer (25, 32). Yutaka
Kawakami discovered a new CTA called brother of the regulator
of imprinted sites (BORIS), which is expressed in esophageal cancer
and may serve as a novel prognostic indicator for patients with this
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type of cancer (33). BORIS could bind to the promoter of NY-ESO-
1 (34) and MAGE-AL1 (35) genes to regulate their expression.

2.2.2 Gastric cancer

There is growing evidence showed that several CTAs were
expressed in the gastric cancer. The expression of MAGE-C2, also
known as CT10, and GAGE was detected in 5 out of 51 and 6 out of
51 gastrointestinal stromal tumor tissues, respectively (36). MAGE-
Al as an important member of MAGE family was detected positive
expression in 47/86 (37) and 4/41 (38) gastric cancer tissues.
Another CTA, maelstrom spermatogenic transposon silencer
(MAEL), was detected in gastric cancer using RT-PCR to measure
its mRNA levels. The results indicated that MAEL over- and
underexpressions were 17 and 28 out of 80 gastric cancer
patients, respectively (39). A 50-kDa serine protease-like protein
called testis-specific protease-like protein 50 (TSP50), which is
encoded by a CTA gene, was discovered in human breast cancer
cells through the isolation of a hypomethylated DNA fragment (40).
According to Rongcheng Luo and his colleagues, a study found that
the expression of TSP50 was upregulated in a significant proportion
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of human gastric cancer cases, with 57.2% of samples (191 out of
334) showing overexpression (41).

2.2.3 Colorectal cancer

The expression of the MAGE family in CRC tissues is
contradictory. The analysis of 34 CRC samples revealed no
expression of the MAGE antigen, specifically MAGE-A1, -A2, -1,
-A3, -Al2, and -C1 (42). Achim A. Jungbluth and his colleagues
detected that MAGE antigens were not expressed in CRC (43).
However, it was found that MAGE-1 (11.6%), -3 (27.3%), and -4
(22.3%) were detected to have a positive expression in the CRC
tumor samples (44). A different study reported significant
overexpression of MAGE-A2 (87%), MAGE-A7 (83%), MAGE-
A8 (75%), MAGE-A12 (71%), MAGE-B2 (75%), MAGE-B3 (79%),
MAGE-D2 (75%), MAGE-F1 (79%), and MAGE-H1 (70%) in CRC
tissues (45). Therefore, more research would be required to better
understand the expression pattern of the MAGE family in the CRC.
In addition to the MAGE family, other cancer/testis antigens
(CTAs) have also been identified in CRC, with NY-ESO-1 being
one of the most extensively studied. In a cohort of 121 CRC
patients, NY-ESO-1 gene expression was detected. The same
study reported that several other CTAs, SSX family gene (10%),
CT10 (6.6%), SCP-1 (1.7%), and LAGE-1 (15.7%), were
overexpressed in CRC tissues compared with matched adjacent
non-cancerous tissues (44). Similarly, the researchers analyzed the
CTA levels in 34 CRC tissues and found that two of them were NY-
ESO-1 positive. The expressions of SSX-2, SSX-4, and CAGE were
respectively 2, 3, and 31 (42). However, a study including 62 Iranian
CRC samples was not detected the expression of NY-ESO-1.
Approximately 66% and 44% of tumors were observed to express
the genes encoding for sperm associated antigen 9 (SPAG9) and a-
kinase anchoring protein 4 (AKAP4), respectively (5). Other CTAs
expressed in CRC include coiled-coil domain containing 7 (Biot2)
(46), F-box protein 39 (BCP-20, FBX039) (47), heat shock protein
family A member 1B (HSP70-2) (48), LEM domain containing 1
(LEMD1) (49), insulin-like growth factor 2 mRNA binding protein
3 (IGF2BP3), sperm-associated antigen 1 (SPAG), acute type A
aortic dissection (ATAD) (50), CTA55 (51), and recombinant
phospholipase A2 activating protein (PLAP) (52). However, due
to the small sample size used in these studies, it is necessary to
confirm the results in a larger cohort to validate their findings.

2.3 The role of CTAs in the digestive
tract cancers

Expressions of CTAs in tumors are perceived as the result of
widespread DNA hypomethylation in the carcinogenesis (53). The
special expression patterns made them as promising biomarkers
and therapeutic targets. There have been numerous clinical research
studies and trials conducted to investigate the potential clinical
applications of CTAs, but their precise role in cancers is still not
well understood.
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2.3.1 Prognostic and biomarkers

An increasing body of evidence suggests that CTA expression
may have a prognostic role in esophageal, gastric, and colorectal
cancers. However, there also a number of CTAs which had no
relationship to clinical features of tumors.

2.3.1.1 In esophageal cancer

Studies have found that the presence of MAGE is irrelevant to
age, sex, histologic type, depth of wall invasion, lymph-node
metastasis, or disease stage (21-23). Additionally, no significant
difference was observed between MAGE-A expression and TNM
stage, grading, or survival period in patients with the disease (22). A
separate study indicated a correlation between tumor progression
and the expression levels of MAGE-A4. Specifically, the expression
levels of MAGE-A4 were found to be correlated with tumor
metastasis to the lymph nodes, and the number of involved
lymph nodes was also associated with the level of MAGE-A4
expression (25). Another study found that the expressions of
MAGE-A11 (28) and MAGE-A9 (26) in esophageal cancer tissues
were significantly correlated with larger tumor size and more
advanced tumor stage. Moreover, the expression levels of MAGE-
A9 and lymph node metastasis were found to be independent
prognostic factors for the overall survival rate of patients with
esophageal cancer (26). However, the role of NY-ESO-1 in
esophageal cancer is controversial due to conflicting reports on its
prognostic value as well as its potential as a target for
immunotherapy. One study found that no significant difference
was observed in survival rates between NY-ESO-1 protein-positive
and -negative cases (31). Nonetheless, co-expression of NY-ESO-1
and MAGE-A4 was significantly correlated with differentiation of
esophageal cancer (25). Expressions of MAGE genes have been
found to be significantly related to a good prognosis in the absence
of BAGE and GAGE expressions. Conversely, the expressions of
BAGE or GAGE has been linked to a poor prognosis in cancer
patients (29), although there was no significant difference in disease
progression, TNM factors, or survival curves with the expression of
GAGE (23). BORIS is another biomarker for prognostic diagnosis
of esophageal cancer patients. Patients with tumors that tested
positive for BORIS had poor overall survival according to one study.
Additionally, BORIS expression was identified as an independent
poor prognostic factor and was significantly associated with lymph
node metastasis (33).

2.3.1.2 In gastric cancer

MAGE-A expression has been linked with lymph node
metastasis, poor differentiation, high clinical TNM stage, and
inferior patient survival (54). However, MAGE-A expression
alone is not deemed an independent prognostic factor in patients
with the disease. Conversely, MAGE-A1 expression has been
proposed as a predictive marker for resistance to taxane-based
chemotherapy in patients with gastric cancer, although it does not
directly contribute to drug resistance (38). In high-grade
gastrointestinal stromal tumors, MAGE-C2 co-expression with
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GAGE was significantly correlated with mitotic rate, tumor size,
and neoplasm recurrence (36). Additionally, markers for poor
relapse-free survival in gastric cancer include MAGE-A1, MAGE-
A3, MAGE-A4, MAGE-C1, and NY-ESO-1 (55). High levels of
TSP50 were significantly associated with shorter survival time, later
TNM stage, and presence of lymph node metastases in patients with
the disease. Furthermore, TSP50 overexpression was identified as a
significant independent prognostic factor in gastric cancer patients
(41). Moreover, in patients with H. pylori-negative gastric cancer,
there was a significant correlation between MAEL expression and
tumor stage, tumor grade and depth of invasion (39).

2.3.1.3In CRC

Who exhibited a high protein expression of MAGE-D4 (56) or
MAGE-A9 (57), had significantly shorter overall survival compared
with those with a low protein expression. Nevertheless, there was no
correlation found between MAGE-D4 expression and
clinicopathological parameters (56). In patients with colorectal
cancer, a high expression of MAGE-A9 was significantly
associated with venous invasion, lymph node metastasis, and
poor prognostic (57). Similarly, a study conducted in Taiwanese
patients with colorectal cancer revealed that MAGE-B3, MAGE-D2,
and MAGE-HI1 expressions were correlated with tumor size and
stage, whereas MAGE-B3 was also correlated with lymph node
metastasis (45). In addition, NY-ESO-1 (44) and AKAP4 (5) were
found to be significantly correlated with tumor stages and local
lymph node metastasis in CRC patients. Biot2 expression was also
found to be associated with poor prognosis in early-stage patients
with CRC (58).

However, a high expression of CTAs in digestive tract cancers
may have prognostic significance or simply exist as a tumor marker
without indicating patient prognosis. Differences in detection
methods can lead to different rates of CTA detection in various
studies, which may result in biased analysis of patient prognosis.
Additionally, some patients’ clinical characteristics may be
associated with CTA expression, but further research is needed to
identify such patients.

2.3.2 Tumorigenesis, development,
and metastasis

In addition to being biomarkers for digestive tract cancers, some
CTAs also play a key role in the tumorigenesis, development, and
metastasis. The absence of BORIS resulted in a decrease of cell
proliferation and invasion in the esophageal cancer cell lines
(33).Overexpression of MAGE-AL1 in the gastric cancer cell lines
increased the sensitivity to paclitaxel and docetaxel (38). In a study,
SCRN1 was found to be expressed in five of seven gastric cancer
patients, and it promoted growth of NIH3T3 cells (59). The
knockdown of Biot2 in CRC cell lines has been shown to cause
cell cycle arrest in the G1 phase and induce apoptosis by regulating
pl6 and p21, both in vitro and in vivo (60). Furthermore, according
to research, ablation of HSP70-2 significantly reduced cellular
growth, the colony-forming, migratory, and invasive abilities of
CRC cells, and tumor growth of human CRC cell line xenograft
(48). Additionally, when researchers screened the transcriptome of
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cancer stem cells (CSC) of human CRC, they found that LEMD1
was preferentially expressed and its presence was essential for the
maintenance of CSC (61). Moreover, according to research, CT55
functions as a stimulator of nuclear factor-kB (NF-kB) signaling
induced by tumor necrosis factor (TNF)-o. by binding to the IxB
kinase complex. Deficiency of CT55 suppresses the development of
colitis-associated CRC (62).

CTAs can be used as targets for immunotherapy in digestive
tract tumors, allowing immune cells or related immune agents to
selectively eliminate tumor cells that express CTAs but minimizing
side effects on normal cells. Therefore, the application of CTAs to
immunotherapy has become an area of active research and a subject
of intense interest. These findings suggest that CTAs represent a
promising focus for the treatment of digestive tract cancers.

3 CTAs in the immunotherapy of
digestive tract tumor therapy

During the course of cancer development, tumor antigens can
be identified as aggressor by the immune system, which triggers
cellular immune responses. While T-cell-related immunotherapy
has received significant attention, research has also demonstrated
that other immune cells of both the innate and adaptive immune
systems, such as DCs, macrophages, NK cells, and B cells, play a
crucial role in facilitating immunotherapy responses. In cancer
treatment, the major types of immunotherapies applied are
oncolytic virus therapies, cancer vaccines, adoptive cell transfer
(ACT), and immune checkpoint inhibitors (ICIs). Due to the
limited expression of CTAs in tumors, their high
immunogenicity, and their biased expression, CTA-based
immunotherapy has emerged as a promising approach in cancer
treatment, showing encouraging results in preclinical and early
clinical trials (Figure 2).

During cancer development, tumor antigens can be recognized
as aggressors by the immune system, triggering cellular immune
responses. While T-cell-related immunotherapy has received
significant attention, research has demonstrated that other
immune cells of both the innate and adaptive immune systems,
such as DCs, macrophages, NK cells, and B cells, play a crucial role
in facilitating immunotherapy responses. Types of CTA-based
immunotherapy applied in digestive tract tumors treatment
include oncolytic virus therapies, cancer vaccines, adoptive cell
transfer (ACT), and immune checkpoint inhibitors (ICIs). Due to
their limited tumor expression, high immunogenicity, and biased
expression, CTAs have emerged as a promising strategy in cancer
treatment (Table 2), showing encouraging results in preclinical and
early clinical trials.

3.1 Oncolytic virus therapies
Oncolytic viruses (OVs) are a unique category of viruses that

selectively infect and destroy tumor cells while leaving normal cells
unharmed, thanks to their exceptional oncolytic activity and
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FIGURE 2

Cancer vaccines Q

MAGE, BAGE, BORIS,
GAGE, NY-ESO-1 bc

..(:3_;_@

CellTysate

21l transfe
. PASD1, NY-ESO-1

e

Immune checkpoint
inhibitors

(@) CTA peptide

e CTAin membrane.

(@) CTAn inracelllar

© cartear

© rorTea

OT"‘

@wruh

(©) rumor con

2% Dendriic cell

Qomomen
PD1 antibody

i cTLs antibody

CTA-based immunotherapy has recently been used in cancer treatment and achieved promising outcomes. It mainly includes oncolytic virus
therapies, cancer vaccines, adoptive cell transfer, and immune checkpoint inhibitors.

TABLE 2 The application of CTA in clinical trials.

Clinical trial ~ Number of Stud
. Types of cancer Phase NE Treatment types  Target Y Reference
number patients year
Esoph 5 i Active, MGIMA3, 2014-
NCT02285816 56 sophagus cancer, gastric 2 ctlve. 'not OVs (MG 3 MAGE-A3 0 64, 65
cancer recruiting AdMA3) 2019
. . 2007- Not
NCT00020267 26-56 Colorectal cancer 1 Completed Peptide vaccine MAGE-12 .
2015 provided
Active, not Peptid i Multipl 2022-
NCT05130060 15 Colorectal cancer 1 cive no cpuce vacene N 72
recruiting (PolyPEPI1018) CTAs 2023
- Peptide vaccine/ICIs Multiple 2022- Not
NCT05243862 28 Colorectal 2 t
olorectal cancer recruiting (PolyPEPI1018) CTAs 2024 provided
Protei i 2009-
NCT01003808 25 Esophagus cancer 1 Completed r(();/l[r;_\;)aoclc)lne NY-ESO-1 2012 70
Esoph: , gastri Protei i 2012- Not
NCT01522820 18 SOPRagLs CArCEr, gastric 1 Completed rotein vaceie NY-ESO-1 0 ©
cancer, colorectal cancer (CDX-1401) 2016 provided
Esophagus cancer, gastric Protein vaccine 2005- Not
NCT00291473 9 1 C leted NY-ESO-1
cancer omplete (CHP-NY-ESO-1) 2008 provided
Pl id DNA 2004- Not
NCT00199849 18 Esophagus cancer 1 Completed asmi NY-ESO-1 (,)
(pPJV7611) 2006 provided
Protein vaccine 2011- Not
NCT01234012 23 Esoph: 1 C leted NY-ESO-1
SOPRagus cancer omplete (IME-001) 2013 provided
Protei i 2009-
NCT00948961 70 Colorectal cancer 12 Completed E‘ég;‘;;i‘;‘e NY-ESO-1 o0 71
. . 2004-
NCT00106158 9 Esophagus cancer 1 Completed Protein vaccine NY-ESO-1 2006 69
TTK,
NCT00682227 10 Esophagus cancer 1 Unknown Protein Vaccine LY6K, 2006- 73
IMP-3 2008
Protei i 2004-
NCT00311272 40 Colorectal cancer 2 Completed rotein vaceine MAGE 76, 77
(MelCancerVac) 2007
Esoph , gastri L. 2022- Not
NCT05430555 48 SOPAgUs cancer, gastric 12 Recruiting |~ TCR-T (TK-8001) | MAGE-A1 ©
cancer 2024 provided
(Continued)
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TABLE 2 Continued
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Clinical trial | Number of Stud
3 Types of cancer Phase Status Treatment types = Target Y Reference
number patients (S1g
Esoph s i Active, TCR-T (MAGE- 2017-
NCT03132922 5 sophagus cancer, gastric 1 ctlve. 'not CR-T ( G MAGE-A4 017 89
cancer recruiting A4c1032T) 2032
NCT04752358 45 Esophagus cancer, gastric ) Active., 'not TCR-T (ADP- MAGE-A4 2021- 9
cancer recruiting A2M4CD8) 2023
Esoph: , gastri TCR-T(ADP- 2019-
NCT04044859 120 SOphagus cancer, gastric 1 recruiting ( MAGE-A4 91
cancer A2M4CD8) 2023
2014- Not
NCT02096614 18 Esophagus cancer 1 Completed TCR-T (TBI-1201) MAGE-A4 .
2021 provided
UMIN000002395 9 Esophagus cancer Unknown Completed TCR-T MAG4 2009 88
2014- Not
NCT01795976 2 Esophagus cancer 2 Terminated TCR-T NY-ESO-1 f)
2017 provided
Esophagus cancer, gastric TCR-T 2017- Not
NCT03159585 6 1 C leted NY-ESO-1
cancer ompiete (TAEST16001) 2019 provided
Active, not 2016- Not
NCT02869217 22 Esophagus cancer 1 ¢ lve. 'no TCR-T(TBI-1301) NY-ESO-1 (_)
recruiting 1013 provided
2022- Not
NCT05483491 42 Gastric cancer 1 Recruiting TCR-T KK-LC-1 (_)
2023 provided
2022- Not
NCT05035407 100 Gastric cancer 1 Recruiting TCR-T KK-LC-1 ?
2025 provided
2002- Not
NCT00037817 34 Esophagus cancer 1 Completed DAC MY-ESO-1 (,)
2008 provided
Mixed bacteri 2007- Not
NCT00623831 34 Esophagus cancer 1 Completed e .ac era NY-ESO-1 ?
vaccine 2013 provided

targeting ability. Once inside the tumor cells, OVs can multiply and
release new viral particles, which then infect other nearby tumor
cells. Additionally, OVs stimulate an antitumor immune response
at the local or systemic level, modify the tumor microenvironment,
and amplify their antitumor effects. Currently, five types of
oncolytic viruses have been approved for clinical use, and many
other preclinical studies are underway (63). The application of CTA
in oncolytic virus therapy is also currently under investigation. Ad-
MAGEA3 (AdMA3) is a replication-deficient adenovirus (E1/E3-
deleted) of human serotype 5 that carries a transgene encoding
human MAGE-A3 gene. MGI-MAGEA3 (MGIMA3) is an
oncolytic rhabdovirus Maraba with replication competency,
created by introducing the human MAGE-A3 transgene between
the G and L genes of the attenuated MG1 strain. Jonathan G. Pol
confirmed the safety of the Ad : MGI oncolytic vaccination
approach in non-human primates (64). Moreover, they initiated
clinical trials for solid tumor treatment, including esophageal cancer
and gastric cancer (NCT02285816). The Ad : MG1 oncolytic virus
has the ability to replicate within the bloodstream and activate an
adaptive, antitumor cellular response in cancer patients. In three
out of six evaluated patients, antitumor immunity was observed,
with over 1% of total circulating CD8+ T cells reacting against
MAGE-A3 in one participant (65). This strategy that modified
oncolytic viruses with CTAs as target could eliminate the tumor
cells specifically and provides an immunotherapy tool for future
digestive tract tumor therapy clinical application.
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3.2 Cancer vaccines

Cancer vaccines are utilized to deliver tumor antigens into
antigen-presenting cells and stimulate T-cell-mediated antitumor
immune responses. Vaccines made from a peptide expressed
specifically in the tumor may induce the tumor immune response.
In patients with digestive tract cancer, specific T-cell responses can
be induced by immunogenic epitopes derived from CTAs such as
MAGE, BAGE, GAGE, and NY-ESO-1 (66, 67). Up to now, there
has been some clinical trial focused on targeting MAGE and NY-
ESO-1 that have employed peptide vaccines as a treatment option
for digestive tract tumor. (Table 2). Three peptide vaccines, CHP-
NY-ESO-1, IMF-001, and CDX-1401, have been constructed
targeting NY-ESO-1. CHP-NY-ESO-1 is a recombinant protein
that consists of NY-ESO-1 and a polysaccharide-based delivery
system. The safety of this peptide vaccine has been demonstrated
through in vitro and animal experiments, indicating their potential
for use in clinical trials (68). A clinical trial (NCT00106158) was
conducted using CHP-NY-ESO-1 vaccine for 13 patients with
advanced esophageal cancer. The study observed the induction of
CHP-NY-ESO-1 immunity and some favorable clinical outcomes in
patients, without any major toxicities or adverse events (69). Results
from other clinical trials (NCT01003808) have demonstrated that
CHP-NY-ESO-1 can trigger an immune response in patients with
esophageal cancer, leading to a reduction in tumor size. The degree
of reduction was observed to increase with increasing dosage (70).
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CDX-1401 is a vaccine that consists of a human monoclonal
antibody specific for DEC-205 fused to the full-length tumor
antigen NY-ESO-1. CDX-1401 has the capacity to deliver NY-
ESO-1 to DCs through DEC-205 and augment the body’s immune
response. Clinical trial (NCT00948961) results have demonstrated
that two out of four patients with colorectal cancer experienced
stabilized conditions after treatment (71).

Additionally, PolyPEPI1018 is a readily available, multipeptide
vaccine consisting of 12 immunogenic epitopes derived from seven
cancer testis antigens (CTAs) that are frequently expressed in
patients with colorectal cancer. In clinical trials of metastatic
colorectal cancer, PolyPEPI1018 was found to elicit an immune
response and T-cell infiltration in MSS-type patients. In
comparison with TAS-102 alone, the combination of
PolyPEPI1018 plus TAS-102 has demonstrated good tolerability,
and it can elicit immune responses in peripheral blood and tumor
tissue of patients with a lower likelihood of causing grade 3 adverse
events (NCT05130060) (72). A phase I clinical trial (NCT00682227)
was conducted to examine the safety, immunogenicity, and
antitumor effect of a cancer vaccine targeting TTK protein kinase,
lymphocyte antigen 6 family member K (LY6K), and insulin-like
growth factor 2 mRNA binding protein 3 (IMP-3) against
esophageal squamous cell carcinoma. 50% of the 10 enrolled
patients showed favorable clinical responses after receiving the
vaccination (73). SCRN1 is another CTA identified in gastric
cancer tumor tissue. The CTL clones stimulated by SCRN1 were
able to recognize tumor cells that expressed the natural SCRN1
protein endogenously (59).

DCs are considered the most efficient antigen-presenting cells
and play critical roles in eliciting antitumor immunity (74). In
addition to serving as tumor antigens, CT As have also been utilized
in the development of vaccines delivered by dendritic cells (DCs),
which have demonstrated significant clinical outcomes. After 4T1
mammary tumor implantation, mice that were vaccinated with a
BORIS-based DC vaccine showed a robust anticancer immune
response. The tumor growth was inhibited, and the number of
spontaneous clonogenic metastases was also lowered significantly
(75). In addition, the effect of DC vaccine on patients with advanced
CRC were evaluated. The process of generating MAGE-DCs
involves pulsing autologous peripheral blood mononuclear cells
with allogeneic tumor cell lysate that contains high levels of MAGE
(NCT00311272). The MAGE-DCs can present MAGE antigen to T
cells and stimulate an antitumor immune response (76). Moreover,
the MAGE-DCs were safe and non-toxic. After treatment with the
MAGE-DC vaccine, 24% (4/17) of the patients showed stable
disease (77). Taken together, these findings provide compelling
evidence for the potential utility of CTAs as vaccines in
immunotherapy for digestive tract tumors.

3.31ICls

Immune checkpoints are molecules involved in co-inhibitory
signaling pathways that help maintain immune tolerance. However,
cancer cells often hijack these pathways to evade immunosurveillance
(78). To counteract this, ICIs such as programmed cell death 1 (PD-
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1), programmed cell death 1 ligand 1 (PD-L1), and cytotoxic T
lymphocyte-associated antigen-4 (CTLA-4) antibodies have been
developed. These drugs aim to reactivate antitumor immune
responses by blocking coinhibitory signaling pathways and
promoting immune-mediated elimination of cancer cells. However,
remarkable efficacy has been observed with ICI only in a subset of
patients. The most widely used methods for ICIs was combination
with other chemicals to treat cancers. Similarly, combination
treatment with ICIs and CTAs can enhance the body’s immune
response. McAuliffe et al. developed a vaccine consisting of a
chimpanzee adenovirus (ChAdOx1) and a modified vaccinia
Ankara (MVA) that encodes MAGE-type antigens. In murine
tumor models expressing P1A, the combination of ChAdOx1/
MVA with anti-PD-1 antibody produced superior tumor clearance
and survival when compared with treatment with anti-PD-1 alone
(79). Thus far, favorable outcomes have been observed in other types
of tumors through the utilization of a combination of CTAs and ICIs
(80). Clinical trials are currently underway to investigate the
combined treatment of PolyPEPI1018 and atezolizumab for
colorectal cancer, and results are pending (NCT05243862). Thus,
CTA antibodies are also potentially biomarkers predicting and
monitoring response to ICI therapy.

3.4 ACT

ACT therapies refer to the use of autologous immune cells,
mainly T cells, that are extracted, modified, and reinfused into
patients to target and eliminate cancer cells. These therapies have
demonstrated long-lasting clinical efficacy. There are two types of
ACT therapies, namely, chimeric antigen receptor-modified T-cell
(CAR-T) immunotherapy and T-cell receptor T cell (TCR-T)
immunotherapy (81, 82).

While CAR T-cell therapy has demonstrated impressive
outcomes in certain types of B-cell cancers, its applicability to
other malignancies, including solid tumors is impeded by the
absence of appropriate surface antigens (83). An example of the
successful application of CAR T-cell therapy in solid tumors is
the MAGE-A1-specific CAR, which demonstrated cytotoxic activity
in vitro and in vivo. It was able to infiltrate tumors that express
MAGEA1 and specifically inhibit the growth of lung
adenocarcinoma xenografts in nude mice (84). Furthermore, PAS
domain-containing repressor 1 (PASD1) is another CTA that has
been found to be immunogenic in CRC samples. CD8" T cells,
induced by the PASD1 peptide, were shown to be capable of killing
HLA-A*24:02" PASD1" cells (85). The researchers, led by Vita
Golubovskaya, utilized a single-chain Fv fragment from a mouse
monoclonal antibody clone specific to alkaline phosphatase,
placental (PLAP), to engineer PLAP-CAR-T cells. These
humanized PLAP-CAR-T cells were then shown to significantly
inhibit tumor growth in a colon cancer xenograft model (52).
However, the expression of CTAs is mainly intracellular, which
limits their potential as targets for CAR therapy.

Major histocompatibility complexes (MHCs) present
intracellular antigens associated with tumors, which can be
targeted by T-cell receptors (TCRs). One type of antigenic target
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for TCR T cells are cancer-testis antigens (86). The growth of
MAGE-A4-expressing esophageal cancer was hindered in NOG
mice through the use of genetically engineered T cells that expressed
a MAGE-A4-specific TCR designed to target the MAGE-A4 143-
151 peptide-NYKRCFPVI, which is restricted to HLA-A24 (87).
Furthermore, the use of MAGE-A4-specific TCR in adoptive
immunotherapy for patients with recurrent esophageal cancer has
been reported as safe (UMIN000002395) (88). In a phase I clinical
trial (NCT03132922), Hong et al. evaluated the safety, clinical
activity, and translational effects of MAGE-A4-specific TCR (89)
in the treatment of solid tumors such as gastric cancer and
esophageal cancer. All 38 patients across nine different tumor
types experienced grade >3 hematologic toxicities; cytokine
release syndrome was reported in 55% of patients, with 90% of
these being grade <2. The objective response rate (ORR) (all partial
response) was 24% (9/38). Phase II clinical trials are currently
enrolling participants (NCT04044768) (90). In the phase I
SURPASS trial (NCT04044859), the safety and efficacy of next-
generation ADP-A2M4CD8 SPEAR T-cells that co-express the
CD8a coreceptor with an engineered TCR targeting MAGE-A4
were evaluated. In this study which included 18 patients (two with
esophageal cancer and four with gastric cancer), the results
indicated that the TCR-T cells were safe for use within the
human body. The best overall responses observed in the study
were one partial response (gastric cancer), four cases of stable
disease (two of which were gastric cancer and two were
esophageal), and one case of progressive disease (gastric cancer)
(91). The phase II clinical trial (NCT04752358) of this TCR-T-cell
therapy in esophageal and gastric cancer is currently ongoing, and
preliminary results suggest that the clinical outcomes are
promising (92).

Furthermore, additional clinical trials have assessed the safety,
tolerability, and efficacy of NY-ESO-1 and KK-LC-1-specific TCR
gene-transduced T lymphocytes in treating tumors of the digestive
tract (Table 2). However, as with the prior studies, only one trial has
been completed thus far, and its results are pending publication.
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These findings form the foundation for future clinical investigations
aimed at targeting CTAs with ACT therapies in digestive
tract tumors.

4 Opportunity and challenge

Currently, surgery, radiation, and chemotherapy remain the
major treatment means of patients with digestive tract tumors. The
immune therapeutics have not been used as the first line of digestive
tract tumor therapy in the clinical setting. Although recent
progresses in cancer immunotherapy therapies have been very
rapid, their efficacy is still limited to a very small subset of cancer
patients. While CTA-based immunotherapies show great potential,
the full therapeutic benefits of CTA-targeted digestive tract tumors
have yet to be fully realized. There are also many detours and
challenges along the way. To overcome the barriers and increase the
efficacy of CTA-targeted digestive tract tumor immunotherapy, new
strategies and cutting-edge technology should be applied (Figure 3).

First of all, since the majority of CTA protein targets are
intracellular, tumor cells are often not recognized by specific
antibodies or active immune cells, thus presenting a major
challenge in CTA-targeted therapies (93, 94). Consequently, most
CTAs are unable to elicit a robust immune response in cancer
patients. With the defect of cytoplasmic localization, TCR mimic
antibodies present new opportunities for additional CAR strategies
targeting CTAs (82). TCR mimic antibodies have specificities that
resemble those of T-cell receptors, targeting peptides presented in
complex with MHC or HLA-I (95). This method enabled HLA-A2/
NY-ESO-1 peptide-specific CARs to recognize tumors, offering a
promising avenue to expand the range of CAR T-cell targets (96).
Likewise, there has been considerable interest in bispecific
antibody-based therapeutics that aim to target intracellular
oncoproteins (97). This approach expands the range of CTAs that
can be targeted and enhances the effectiveness of conventional
antibody-based therapeutics. Meanwhile, screening more CTAs
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There are many detours and challenges in the CTA-based digestive tract tumor immunotherapy. New strategies and cutting-edge technology

provided opportunities to overcome these difficulties
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located in the membrane of digestive tract cancer cells is an
alternative approach. PRAME, a CTA, was previously recognized
as an intracellular protein. In recent years, a computational analysis
of transmembrane proteins has predicted that a particular protein
has an extracellular region that could be targeted specifically by
PRAME-specific antibodies in vitro and in vivo (98). Therefore, the
advances of science and technology could help to find new
functions of existing CTAs.

After that, in cancer cells, the MHC-I protein is usually deficient
(99), leading to low amounts of CTA epitopes on the cell membrane
surface. Therefore, the T cells could not capture tumor antigen.
Promoting the transcription of the MHC gene through gene-editing
technology or stimulation of small molecules is an effective strategy
to improve the efficacy of CTA presentation. Advanced
biomaterials, such as nanoparticles and bioinspired molecular
(100), could also effectively harness immunotherapies of CTA and
improve their potency.

Finally, the inconsistent expression level of CTAs in the
digestive tract cancer patients limited their clinical application.
Although many CTAs were expressed in digestive tract cancers,
only few of CTA-targeted immune therapeutics exhibited high
anticancer efficacy. One of the main reasons is that the expression
level of CTAs was inhibited by the high DNA methylation level at
the promoter regions (101). On account of this, the demethylation
agent, such as decitabine (5-aza-2’-deoxycytidine, DAC), was
applied to improve antigen-specific T-cell immune responses
(102). Expressions of MAGE-A (27, 103), MAGE-3, NY-ESO-1
(104), beta-2-microglobulin, calreticulin, CD58, proteasome 20S
subunit beta 8 (PSMB8), and PSMB9 (105) were increased
significantly in esophageal cancer and CRC after the treatment of
decitabine. Moreover, clinical studies are currently underway to
investigate the regulation of CTA expression by DAC
(NCT00037817). Furthermore, research has also demonstrated
that a mixed bacterial vaccine can activate the body’s immune
response and serve as an immune modulator, thereby promoting
the combination of NY-ESO-1-positive tumor cells with antigen-
specific cancer vaccines (NCT00623831) (106). Reports suggest that
therapeutic interventions such as radiotherapy may enhance the
release of the NY-ESO-1 antigen from the tumor, which could play
a critical role in directing tumor immunotherapy (107, 108).
Moreover, the overexpression of CTA in the tumor cells not only
improved the antitumor efficacy of T cells but also increased
sensitivity of tumor cells for immunotherapy in the digestive tract
tumors (109). These approaches have the potential to modulate the
extent and phenotype of the antitumor immune response, thus
increasing the efficacy of CTA-targeted immunotherapy for
digestive tract tumors.

In summary, CTA-based immunotherapies provided a new
platform and opportunity for the development of therapeutics for
digestive tract tumors. It is anticipated that these novel strategies
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and approaches will bring about significant breakthroughs in the
field of digestive tract tumors immunotherapy in the near future.
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Locally advanced rectal cancer
with dAMMR/MSI-H may be
excused from surgery after
neoadjuvant anti-PD-1
monotherapy: a multiple-center,
cohort study

Renfang Yang*", Tao Wu', Jiehai Yu®, Xinyi Cai*, Guoyu Li*,
Xiangshu Li®, Weixin Huang®, Ya Zhang®, Yuqin Wang®,

Xudong Yang®, Yongping Ren?, Ruixi Hu', Qing Feng?,

Peirong Ding?, Xuan Zhang™ and Yunfeng Li*

‘Department of Colorectal Surgery, Yunnan Cancer Hospital, The Third Affiliated Hospital of Kunming
Medical University, Kunming, China, 2Department of Colorectal Surgery, Sun Yat-sen University
Cancer Center, State Key Laboratory of Oncology in South China, Collaborative Innovation Center for
Cancer Medicine, Guangzhou, China, *Department of Gastrointestinal Surgery, The First Affiliated
Hospital of Chongqging Medical University, Chongging, China, “Department of Gastrointestinal
Surgery, Honghe Prefecture Third People’s Hospital, Honghe Cancer Hospital, Gejiu, China,
*Department of Imaging, Yunnan Cancer Hospital, The Third Affiliated Hospital of Kunming Medical

University, Kunming, China, ®Department of Pathology, Yunnan Cancer Hospital, The Third Affiliated
Hospital of Kunming Medical University, Kunming, China

Objective: Examine patients with locally advanced rectal cancer (LARC) with
deficient mismatch repair (AMMR) or microsatellite instability-high (MSI-H) who
received neoadjuvant immunotherapy (nIT), and compare the outcomes of those
who chose a watch-and-wait (WW) approach after achieving clinical complete
response (cCR) or near-cCR with those who underwent surgery and were
confirmed as pathological complete response (pCR).

Methods: LARC patients with dMMR/MSI-H who received nlT were
retrospectively examined. The endpoints were 2-year overall survival (OS), 2-
year disease-free survival (DFS), local recurrence (LR), and distant metastasis
(DM). The efficacy of programmed cell death protein-1 (PD-1) inhibitor, immune-
related adverse events (irAEs), surgery-related adverse events (srAEs), and
enterostomy were also recorded.

Results: Twenty patients who received a PD-1 inhibitor as initial nIT were
examined. Eighteen patients (90%) achieved complete response (CR) after a
median of 7 nIT cycles, including 11 with pCR after surgery (pCR group), and 7
chose a WW strategy after evaluation as cCR or near-cCR (WW group). Both
groups had median follow-up times of 25.0 months. Neither group had a case of
LR or DM, and the 2-year DFS and OS in each group was 100%. The two groups
had similar incidences of irAEs (P=0.627). In the pCR group, however, 2 patients
(18.2%) had permanent colostomy, 3 (27.3%) had temporary ileostomy, and 2
(18.2%) had srAEs.
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Conclusion: Neoadjuvant PD-1 blockade had high efficacy and led to a high
rate of CR in LARC patients with dMMR/MSI-H. A WW strategy appears to be
a safe and reliable option for these patients who achieve cCR or near-cCR

after niIT.

KEYWORDS

locally advanced rectal cancer, neoadjuvant immunotherapy, programmed cell death
protein-1 inhibitor, mismatch repair-deficient, clinical complete response, watch-and-

wait strategy

Introduction

Colorectal cancer (CRC) is the most common malignancy of the
digestive system, and global cancer statistics for 2020 indicated it had
the third-highest incidence and the second-highest mortality rate
among all cancers (1). About 60% of patients with CRC have locally
advanced disease upon diagnosis (2), defined as CRC stage II (clinical
T3-T4, NO) or stage III (any clinical T, N1-N2). Neoadjuvant
fluorouracil-based chemotherapy and radiotherapy followed by
total mesorectal excision (TME), with or without postoperative
chemotherapy, is the standard treatment regimen for patients with
locally advanced rectal cancer (LARC) (3, 4), and this regimen
enables approximately 20% of these patients to achieve a
pathological complete response (pCR) (5, 6). Nevertheless, the
short- and long-term toxicities from this treatment, including
defecation disorders, urinary and sexual dysfunction, surgical
complications, and temporary or permanent enterostomy, can
seriously reduce a patient’s quality of life (7, 8). Data from a large
number of studies have confirmed that adoption of a watch-and-wait
(WW) strategy by patients with rectal cancer who achieved a clinical
complete response (cCR) after neoadjuvant chemoradiotherapy
(nCRT) prevented surgical trauma, preserved organ function, and
provided a survival benefit similar to surgery (9, 10). Even for patients
with near-cCR, a previous study demonstrated that more than half of
them achieved organ preservation within 3 years after a WW strategy,
and their local recurrence-free survival and metastasis-free survival
rates were not significantly different from those who had cCR (11).
However, with the increasing availability of neoadjuvant treatment
options, it is uncertain whether patients with rectal cancer who
achieve a cCR or near-cCR after treatment with other neoadjuvant
modalities should also adopt a WW strategy.

There is evidence that CRC patients with deficient mismatch
repair (AMMR) or microsatellite instability-high (MSI-H) receive
little benefit from fluorouracil-based chemotherapy (12, 13).
However, these patients typically have high sensitivity to
immunotherapies, such as anti-program death-1 (PD-1)
antibodies, and their responses are often long-lasting (14, 15). In
addition, higher rates of pathological response were achieved when
immune checkpoint inhibitors (ICIs) were used with the first-line
or neoadjuvant application rather than at a later time (16-18).
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Although there is only no more than 10% of rectal cancers are
classified as AMMR/MSI-H (19-21), a complete response (CR) rate
more than 60% can be achieved from neoadjuvant immunotherapy
(nIT), significantly higher than from nCRT (21-23). In addition,
immunotherapy leads to fewer adverse effects and almost no
damage to the sphincter, reproductive organs, sexual function, or
bladder (21-23). These advantages of nIT suggest that LARC
patients with dMMR/MSI-H who achieved a cCR or near-cCR
after nIT might benefit from a WW strategy.

Current data regarding the effect of a WW strategy after nIT for
CRC are very rare. As far as we know, this is the first study to
compare the survival outcomes of MSI-H/dMMR LARC patients
receiving nIT treatment who opted for a WW strategy after
achieving a cCR or near-cCR with those who underwent surgery
and confirmed as pCR. The present study is a preliminary
evaluation of the safety and feasibility of the WW strategy after
nIT in these patients using data from multiple centers.

Materials and methods
Patient selection

This study was a retrospective, multicenter, case series study.
We reviewed patients with LARC (clinical stage T3-4/N0-2/MO0)
and dMMR/MSI-H who received a PD-1 inhibitor (no type
limitations) alone as an initial neoadjuvant treatment from
January 2019 to May 2020 at the Yunnan Cancer Hospital (Third
Affiliated Hospital of Kunming Medical University), Sun Yat-sen
University Cancer Center, First Affifiliated Hospital of Chongging
Medical University, or Honghe Cancer Hospital (Honghe
Prefecture Third People’s Hospital). All eligible patients were 18
to 75 years-old, had an Eastern Cooperative Oncology Group
(ECOG) performance score of 0 to 1, and received 4 or more
doses of a PD-1 inhibitor. The exclusion criteria were: suspected
metastatic disease; dMMR based on immunohistochemical staining
(THC), but no evidence of MSI-H based polymerase chain reaction
(PCR) testing or next-generation sequencing (NGS); active
autoimmune disease or history of autoimmune disease or

previous receipt of systemic biological immunotherapy.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1182299
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al.

Data collection

Standardized electronic forms were sent to physicians in each
center. Complete demographic and clinicopathological information
of patients were collected, including ECOG status, family and
personal history of malignant tumors, serum carcinoembryonic
antigen (CEA) level, clinical and pathological stage, pathological
type of CRC, degree of differentiation, mismatch repair (MMR) or
microsatellite status, treatment regimen, treatment response, tumor
regression grade (TRG), immune-related adverse events (irAEs),
surgery-related adverse events (srAEs), follow-up, and survival.

All staging was performed according to the eighth edition of the
American Joint Committee on Cancer (AJCC) (24). MMR status
was determined by IHC staining for mismatch repair proteins
(MLHI1, MSH2, MSH6, and PMS2) in biopsy tissues before
treatment. Microsatellite status was determined by PCR or NGS
technology. Among them, PCR was used as the “gold standard” to
determine microsatellite status by analyzing the five consensus
tumor microsatellite loci: two mononucleotides (BAT25 and
BAT26) and three dinucleotides (D5S8346, D2S123, and D175250),
and NGS was recommended as a second-line method for
microsatellite status detection (25). Studies have shown that the
sensitivity and specificity of IHC for MMR or PCR for MSI were
both above 90%, and the concordance between the two methods is
approximately 90% (26, 27). In addition, NGS-based MSI testing
results to be up to 99% concordant with conventional PCR and
92.4% concordant with double confirmed THC staining (28).

Treatment methods

All eligible patients started neoadjuvant anti-PD-1
monotherapy after diagnosis, and none of them were treated with
combined radiotherapy, chemotherapy, targeted therapy, or an
additional ICI. Each patient received 200 mg of a PD-1 inhibitor
by intravenous infusion every 3 weeks until tumor regression to
feasible RO resection, cCR, or near-cCR. There were no limits on the
type of PD-1 inhibitors, and these included pembrolizumab,
sintilimab, and tislelizumab.

The timing and procedure of the operation, need for adjuvant
immunotherapy (aIT), and treatment course were determined by
the head surgeon after a comprehensive evaluation of the patient’s
response to treatment and general condition. Patients who achieved
a cCR or near-cCR after nIT were informed of the benefits and risks
of the therapeutic alternatives, and most of them expressed a strong
desire for the preservation of organ function and avoidance of
enterostomy. Given the long-lasting response of immunotherapy
and the inconsistency between imaging and pathological evaluation
(for example, some patients with imaging evaluation of PR were
pathologically confirmed as pCR in our previous study (22)),
doctors agreed on their request for exemption from surgery.
Before undergoing the WW strategy, they were informed that a
WW strategy after cCR, especially after near-cCR following nIT is
not currently a standard therapy and signed informed consent
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documents. All of them were vigilant about regular follow-up and
adherence to the recommended surveillance, with consent for
radical resection once the disease progresses.

Treatment response and survival outcomes

Response to treatment was assessed by magnetic resonance
imaging (MRI) of the pelvic region, transrectal ultrasound (TRUS),
enhanced CT examination of chest and abdomen, digital rectal
examination (DRE), serum carcinoembryonic antigen (CEA),
endoscopy, and selective biopsy of any residual mass or scar. The
standard of efficacy evaluation was based on the Response
Evaluation Criteria in Solid Tumors RECIST Version 1.1
(RECIST 1.1) (29). Because there is currently no unified
international diagnostic standard for cCR and near-cCR, the
standards in our study were based on the Sao Paulo criteria (30),
the criteria in ESMO guidelines (4), and the Memorial Sloan
Kettering Regression Schema (31), with fine-tuning according to
the actual situation. The specific diagnostic criteria for ¢cCR and
near-cCR are in Supplementary Table S1.

The indicators of pathological efficacy after nIT were ypTNM
stage and TRG. According to the AJCC system, TRG-0 refers to no
residual tumor cells, TRG-1 refers to a single tumor cell or a small
group of tumor cells, TRG-2 refers to residual cancer with
desmoplastic response, and TRG-3 refers to minimal or no
evidence of tumor response (24). The pCR was defined as tumor
regression induced by neoadjuvant therapy, with no viable tumor
cells in the resected primary tumor sample and all sampled regional
lymph nodes (pCR = TRG-0 = ypTONOMO) (24). Major
pathological response (MPR) was considered to be tumor
regression with 10% or less pathological residual tumor (MPR =
TRG-0 + TRG-1) (24).

The primary survival outcomes were 2-year overall survival
(OS), 2-year disease-free survival (DFS), local relapse (LR), and
distant metastasis (DM). For DFS, the date of the last nIT treatment
in the WW group and the date of surgery in the surgery group was
the start date; the date of the last follow-up or the first recurrence,
metastasis, or death from any cause was the termination date. OS
was measured from the date of the first nIT treatment to the date of
death. LR was defined as the presence of rectal adenocarcinoma
inside the pelvis at the anastomosis site, presacral area, or pelvic
lymph node. DM was defined by rectal adenocarcinoma recurrence
that spread to an area or organ outside the pelvis (liver, lung, ovary,
distant lymph node, etc.).

Treatment-related adverse events were also recorded. Immune-
related adverse events (irAEs) refer to adverse events related to
immunotherapy that occurred from the beginning of nIT until 90
days after the last dose of the PD-1 inhibitor, and were graded using
the Common Terminology Criteria for Adverse Events (CTCAE)
version 5.0 (32). Surgery-related adverse events (srAEs) refer to
complications directly or indirectly related to surgery from the day
of surgery to 30 days after surgery, and were graded using the
Clavien-Dindo grading evaluation standard (33).
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Follow-up methods

For patients who underwent TME, follow-up was performed
according to international guidelines (3). For patients managed by
the WW strategy, a more intensive follow-up protocol was used due
to the lack of uniform standards. This follow-up consisted of
measurements of serum CEA and DRE every 2 to 3 months
during the first two years; T2-weighted and diffusion-weighted
MRI of the pelvis, TRUS, and complete colonoscopy every 3
months during the first year, and every 6 months during the
subsequent 4 years; and enhanced CT examination of chest and
abdomen every 6 months. Biopsy was performed selectively to
examine residual nodularity or scarring from the colonoscopy
examination, and abnormalities were identified on the cross-
sectional imaging. The duration of follow-up was calculated as the
time from the last day of the last treatment (last nIT, or aIT, or
surgery) until the event of interest or the last follow-up date.

Statistical analysis

Continuous numerical variables were presented as medians and
ranges, and compared using an independent samples t-test.
Categorical variables were presented as numbers and percentages,
and compared using the Chi-square test or Fisher’s exact test.
Cumulative DFS, OS, LR, DM were presented using Kaplan-
Meier curves, and the WW and pCR groups were compared
using the Wilcoxon test. All statistical tests were two-sided, and
results were considered statistically significant when the P value was
less than 0.05. Statistical analyses were performed using the
Statistical Package for the Social Sciences Program (SPSS Inc.
Chicago, IL, version 26.0 for Mac).

10.3389/fimmu.2023.1182299

Results
Characteristics of patients

We identified 20 LARC patients with dMMR/MSI-H who
received nIT in one of the four participating institutions from
January 2019 to May 2020 (Figure 1). Three patients who achieved
cCR and 4 patients who achieved near-cCR were in the WW group
and the other 13 patients received TME. Among the 13 patients who
underwent TME surgery, 11 patients achieved pCR and were in the
PCR group, the other 2 patients had TRG-1 and were excluded from
the comparative analysis of LR, DM, 2-year DFS, and 2-year OS.

We compared the baseline demographic and clinicopathological
characteristics of all 20 patients, the 11 patients in the pCR group, and
the 7 patients in the WW group (Table 1). We also recorded the
individual details of each patient in the TME group (Table 2) and the
WW group (Table 3). Patients in the pCR and WW groups were
similar in terms of age, gender, ECOG performance status, personal
or family history of cancer, distance of tumor from the anal verge
before nIT, cT stage, cN stage, CTNM stage, maximum diameter of
the primary tumor on MRI, serum CEA level before nIT, anal
complex invasion, mesorectal fascia invasion (MRF+), extramural
vascular invasion (EMVI+), and degree of tissue differentiation (all P
> 0.05). The median age of all 20 patients was 55 years old (range: 23—
74), and the median distance of the tumor from the anal verge before
nIT was 6.5 cm. Patients in the WW group were slightly older (55 vs.
44 years, P = 0.347) and had tumors that were located closer to the
anal verge (5 vs. 7 cm, P = 0.052), although these differences were
not significant.

Among all 20 patients, 7 had a family or personal history of
malignancy. In the latter group, the 3 patients with a personal and
family history of cancer and the 2 with only a family history of

20 LARC patients with dMMR or MSI-H
underwent nIT

v

13 patients underwent surgery

v

v

2 patients obtained TRG-1

11 patients achieved pCR

7 patients achieved
cCR/ near-cCR
and managed by WW

y

Comparison indicators:
LR, DM, 2-year DFS, 2-year OS

FIGURE 1

Study profile of nIT in LARC patients with dMMR/MSI-H. cCR, clinical complete response; DFS, disease-free survival; DM, distant metastasis; dMMR,
mismatch repair-deficient; LARC, locally advanced rectal cancer; LR, local recurrence; MSI-H, microsatellite instability-high; nIT, neoadjuvant
immunotherapy; near-cCR, near clinical complete response; OS, overall survival; pCR, pathological complete response; TRG, tumor regression

grade; WW, watch-and-wait.
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TABLE 1 Baseline demographic and clinical characteristics of patients with dMMR/MSI-H LARC.

Characteristics pCR group WW group P-Value
(n=11) (n=7)

Age, years 0.347
Median (range) 55 (23-74) 44(23-69) 55(43-62)

Sex 0.141
Female 7/20(35.0%) 2/11(18.2%) 4/7(57.1%)
Male 13/20(65.0%) 9/11(81.8%) 3/7(42.9%)

ECOG performance status 0.627
0 11/20(55.0%) 3/11(27.3%) 3/7(42.9%)
1 9/20(45.0%) 8/11(72.7%) 4/7(57.1%)

Personal or family history of cancer
Personal history of gastrointestinal Cancer 2/20(10.0%) 0 2/7(28.6%) 0.263
Personal history of extra-intestinal cancer 2/20(10.0%) 1/11(9.1%) 1/7(14.3%)
Family history of gastrointestinal Cancer 3/20(15.0%) 2/11(18.2%) 1/7(14.3%) 0.232
Family history of extra-intestinal cancer 3/20(15.0%) 0 2/7(28.6%)

Distance from the anal verge before nIT (cm)
Median (range) 6.5(1-15) 7(3-15) 5(1-8) 0.052
0-5 (including 5) 8/20(40.0%) 3/11(27.3%) 4/7(57.1%) 0.304
5-10 (including 10) 9/20(45.0%) 5/11(45.5%) 3/7(42.9%)
10-15 (including 15) 3/20(15.0%) 3/11(27.3%) 0
cT stage 0.627
T3 7/20(35.0%) 3/11(27.3%) 3/7(42.9%)
T4 13/20(65.0%) 8/11(72.7%) 4/7(57.1%)

cN stage 0.205
NO 6/20(30.0%) 2/11(18.2%) 2/7(28.6%)
N1 4/20(20.0%) 1/11(9.1%) 3/7(42.9%)
N2 10/20(50.0%) 8/11(72.7%) 2/7(28.6%)

cTNM stage >0.999
I 6/20(30.0%) 2/11(18.2%) 2/7(28.6%)
111 14/20(70.0%) 9/11(81.8%) 5/7(71.4%)

Anal sphincter complex 0.528
Involved 4/20(20.0%) 1/11(9.1%) 2/7(28.6%)
Uninvolved 16/20(80.0%) 10/11(90.9%) 5/7(71.4%)

MRF 0.627
Positive 8/20(40.0%) 3/11(27.3%) 3/7(42.9%)
Negative 12/20(60.0%) 8/11(72.7%) 4/7(57.1%)

EMVI 0.596
Positive 6/20(30.0%) 4/11(36.4%) 1/7(14.3%)
Negative 14/20(70.0%) 7/11(63.6%) 6/7(85.7%)

(Continued)
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TABLE 1 Continued

Characteristics pCR group WW group P-Value
(n=11) (n=7)
LLNM 0.316
Yes 8/20(40.0%) 5/11(45.5%) 1/7(14.3%)
No 12/20(60.0%) 6/11(54.5%) 6/7(85.7%)
Maximum diameter of primary tumor on MRI before nIT (cm)
Median (range) 5.5(2.5-15) 6.2(2.6-15) 4.5(2.5-6.9) 0.060
Serum CEA level before nIT (ug/L) 0.449
Median (range) 4.50 5.05 3.05
(1.07-272.10) (2.42-272.10) (1.07-48.56)
Histological appearance 0.593
Well differentiated 7/20(35.0%) 5/11(45.5%) 2/7(28.6%)
Moderately differentiated 5/20(25.0%) 2/11(18.2%) 3/7(42.9%)
Poorly differentiated 8/20(40.0%) 4/11(36.4%) 2/7(28.6%)
Loss of expression of MMR proteins 0.819
MLH1 only 2/20(10.0%) 1/11(9.1%) 1/7(14.3%)
MSH2 only 3/20(15.0%) 2/11(18.2%) 1/7(14.3%)
MSHE6 only 0 0 0
PMS2 only 1/20(5.0%) 0 1/7(14.3%)
MLHI1 and PMS2 4/20(20.0%) 2/11(18.2%) 0
MSH2 and MSH6 3/20(15.0%) 2/11(18.2%) 1/7(14.3%)
MSH2, MSH6 and PMS2 1/20(5.0%) 0 1/7(14.3%)
Not tested 6/20(30.0%) 4/11(36.4%) 2/7(28.6%)
MSI status
MSI-H 10/20(50.0%) 6/11(54.5%) 4/7(57.1%)
Not tested 10/20(50.0%) 5/11(45.5%) 3/7(42.9%)
LS 0.596
Yes 2/20(10.0%) 1/11(9.1%) 1/7(14.3%)
Suspected 3/20(15.0%) 1/11(9.1%) 2/7(28.6%)
Unknown 15/20(75.0%) 9/11(81.8%) 4/7(57.1%)
Types of PD-1 inhibitors 0.566
Tislelizumab 8/20(40.0%) 6/11(54.5%) 2/7(28.6%)
Sintilimab 9/20(45.0%) 3/11(27.3%) 4/7(57.1%)
Pembrolizumab 3/20(15.0%) 2/11(18.2%) 1/7(14.3%)
‘ Course of nIT
Median (range) 6(4-10) 6(6-10) 8(6-10) 0.408
‘ Efficacy evaluation after nIT
cCR 3/20(15.0%) 0 3/7(42.9%)
near-cCR 8/20(40.0%) 4/11(36.4%) 4/7(57.1%)
PR 9/20(45.0%) 7/11(63.6%) 0

(Continued)
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Characteristics pCR group WW group
(n=11) (n=7)
Percentage of primary tumor regression after nIT (%) 0.028
Median (range) 77.53 69.09 88.89
(40-100) (40-100) (77.27-100)
Adjuvant immunotherapy (alT)
Yes 9/20(45.0%) 7/11(63.6%) /
No 4/20(20.0%) 4/11(36.4%) /
Course of immunotherapy (nIT+alT) 0.527
Median (range) 8(6-12) 8(6-12) 8(6-10)

alT, adjuvant immunotherapy; cTNM: clinical tumor node metastasis; cCR, clinical complete response; CEA, carcinoembryonic antigen; CR, complete response; CRC, colorectal cancer; dMMR,

mismatch repair-deficient; ECOG, eastern cooperative oncology group; EMVI, extramural vascular invasion; LARC, locally advanced rectal cancer; LLNM, lateral lymph node metastasis; MMR,

mismatch repair; MRF, mesorectal fascia; MRI, magnetic resonance imaging; MSI-H, microsatellite instability-high; near-cCR, near clinical complete response; nIT, neoadjuvant

immunotherapy; pCR, pathological complete response; PR, partial response; RECIST v1.1, response evaluation criteria in solid tumors version 1.1; WW, watch-and-wait.

gastrointestinal malignancy were suspected to have Lynch
syndrome, but only 2 of them received tests for the relevant
germline genes and had confirmed Lynch syndrome: patient III in
the WW group (Table 3) and patient 1 in the pCR group (Table 3).
Patient III in the WW group received surgery and chemotherapy for
jejunal well-differentiated adenocarcinoma at the age of 30s and
ovarian clear cell carcinoma at the age of 40s, and the mother of this
patient died from ovarian cancer; genetic testing results indicated
this patient had an exon 1 germline mutation in the MLHI gene.
Patient 1 in the pCR group had a grandmother who died from
gastric cancer, and the father of this patient had rectal cancer at the
time of this study; genetic testing identified a germline mutation in
exon 7 of MSH2 gene.

Analysis of microsatellite status indicated 1 patient had MSI-H
based on PCR, and 5 patients had MSI-H based on NGS. THC
results on pre-treatment tumor specimens in 10 patients confirmed
dMMR status, and the remaining 4 patients had both dMMR (by
IHC) and MSI-H (by NGS or PCR). Among the 14 patients
identified as AMMR, one had losses of MSH2, MSH6, and PMS2;
4 had losses of MLH1 and PMS2; 3 had losses of MSH2 and MSH6;
2 had a loss of MLHI; 1 had a loss of PMS2; and 3 had a loss of
MSH2. The pCR and WW groups had no statistically significant
difference in MMR protein deletions (P = 0.819).

Efficacy of nIT with PD-1 inhibitors and
adjuvant therapy

All 20 patients received PD-1 inhibitor monotherapy as the
initial treatment (8 patients with tislelizumab, 9 with sintilimab, and
3 with pembrolizumab) and there were no significant differences in
the type of drug used in the WW and the pCR groups (Table 1).
After completing a median of 6 cycles (range: 4-10) of nIT, the
objective response rate (ORR) was 100% (20/20), the cCR rate was
15% (3/20), the near-cCR rate was 40.0% (8/20), and the partial
response (PR) rate was 45.0% (9/20) (Table 1). Representative MRI,
endoscopic and pathological images of patients with dIMMR/MSI-H
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LARC who achieved c¢CR and near-cCR after nIT are shown in
Figures 2, 3.

The pCR and WW groups had no significant difference in the
median number of cycles of nIT (6 vs. 8, P = 0.408), however,
patients in the WW group exhibited greater radiographic regression
in the primary lesion (P = 0.028; Table 1 and Figure 4). For all 20
patients, the WW group, and the pCR group, there was a median of
3 cycles of nIT (range: 2-6) from treatment initiation to PR,
corresponding to 2.25 months (range: 1.5-4.5); and there was a
median of 8 cycles of nIT (range: 6-10) needed to achieve cCR or
near-cCR.

For the 13 patients who underwent TME after nIT (9 with PR, 1
with cCR, 3 with near-cCR), the ORR, pathological response rate,
and MPR were all 100% (13/13), and the pCR was 84.6% (11/13).
Typical images from MRI, post-nIT resection specimens, and
pathologic response of patients with dMMR/MSI-H LARC who
achieved a pCR are shown in Figure 5. The two patients who did not
achieve pCR had TRG-1 and pathological stage of ypT1NOMO
(Table 4). Notably, 3 patients achieved a pCR after 6 to 10 cycles
of nIT, despite their very large tumors (>10 cm) and very late
clinical stage (cT4N2MO) (Table 2).

Adjuvant anti-PD-1 monotherapy was administered to 69.2%
(9/13) of patients with surgery, including 7 patients with pCR and 2
with TRG-1. Most of them received 2 cycles, only 1 patient with
TRG-1 who completed just 4 cycles of nIT received 4 cycles of aIT.
None of the patients in the WW group continued to use PD-1
inhibitors after achieving cCR or near-cCR. There was a median of 8
cycles (6 months) of immunotherapy (nIT + aIT) in all 20 patients,
in the pCR group, and in the WW group (Table 1).

Treatment-related adverse events
and enterostomy

We evaluated treatment-related adverse events (including those
related to immunotherapy and surgery) and enterostomy (Tables 2,
3). During the neoadjuvant and adjuvant phases, the incidence of
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TABLE 2 Details of dMMR/MSI-H LARC patients treated with nIT and surgery.

Patient
No.

(Sex,
Age,
years)

cTNM
stage,

MRF,
EMVI

Distance
from the
anal
verge
(cm)

Personal
or family
history
of cancer

Loss of
MMR
protein
expressions

Maximum
diameter of
primary
tumor on
MRI pre- and
post- nIT
(cm)

Regimen
of nIT

Courses
of nIT

Serum
CEA
level
pre-
and
post-

niT (ug/
L

Response
on DRE

Response on
endoscopic,
and biopsy

Response
on MRI,
and TRUS

Response
evaluation
based on
the RECIST
V1.1

Surgical
approach

Courses
of alT

1 CR LAR with
Positive, MSH2, MSI- 11.0, Tislelizumab 8.82, o PR, a ypTONOMO,
M, T4aN2M0 5 Yo Y 10 S Negative fc PR 0
( o Positive e @ MSH6 H 34 200mg, q3w 2.88 car cgative for PR temporary 0
23y) tumor cell R
ileostomy
2 Negative, MSI 7.2 Tislelizumab 2.68, Palpable PR, PR, TONOMO,
(M, cT4aN2MO gative, 2 No Unknown MLH1 - 6 % P ’ Not PR APR P > 0
Positive H 27 200mg, q3w 343 tumor Not tested 0
55y) tested
3 Negative, MSI 15.0. Sintilimab 272.1 Palpable PR, PR, TONOMO,
(F, cT4bN2MO 8 o 7 Yes Suspected Not tested o 10 . P Negative for g PR AR P ’ 2
Negative H 2.0 200mg, q3w 2.88 tumor PR 0
37y) tumor cell
4 CR, CR,
Negative, MSI- 6.2, intilimab 6.08, . TONOMO,
M, cT4bN2MO cgarve 14 No Unknown Not tested Sintilima 10 Scar Negative for Not cCR AR ® 0
Negative H 0 200mg, q3w 3.29 0
40y) tumor cell tested
5 CR LAR with
N ive, MSI- .6, Tisleli .05, L -CR, TONOMO,
M, cT3N1IMO egat{ve 5 No Unknown Not tested S 76 islelizumab 8 505 Scar Negative for near-C near-cCR ? yPTONOMO 2
8
Negative H 0.9 200mg, q3w 1.89 near-CR temporary 0
62y) tumor cell K
ileostomy
6 R near-
Negative, MLHI, Not 13.6, Pembroli b 3.72, S th L CR, TONOMO,
M, cT4bN2MO °53 14ve 15 No Unknown © embrofizuma 1moo Negative for ‘ near-cCR AR » 2
s
Negative PMS2 tested 1.1 200mg, q3w 2.17 mucosa Not 0
35y) tumor cell
tested
7 . A CR, near-
(F, cT4aN2M0 Posm?'e, 10 No Unknown MLHI, Not 6.1, Sintilimab 6 316, Scar Negative for cCR, near-cCR AR YPTONOMO, 2
Negative PMS2 tested 2.3 200mg, q3w 0.91 0
44y) tumor cell near-cCR
8 Negative, MSH2 Not 7.5 Pembrolizumab 39.0, Palpable PR, PR, TONOMO
o, CT4bN2MO gative, 12 No Unknown > > 6 Y P > Not PR AR b > 0
Negative MSH6 tested 3.7 200mg, q3w 1.76 tumor Not tested 0
67y) tested
9 PR LAR with
Negative, MSI- 5.0, Tisleli b 28.02, P 1 o PR, TONOMO,
(M, cT4bNOMO egﬁ‘ ,Ne 5 No Unknown Not tested S 1selizuma 6 8.0 alpable Negative for PR @ ypTONOMO 2
8
Positive H 1.3 200mg, q3w 3.12 tumor PR temporary 0
69y) tumor cell .
ileostomy
10 Negative, Not 3.0 Tislelizumab 4.99, Palpable PR, PR, TONOMO,
o, CT3NOMO sative, 3 No Unknown MSH2 - 6 o P’ Negative for ’ PR APR b " 2
8
Negative tested 1.8 200mg, q3w 4.6 tumor PR 0
40y) tumor cell
1 Positi Not 5.7 Tislelizumab 2.42 Palpabl PR, PR, TONOMO.
ositive, 0l /s 1slelizumal AL, able . > >
o, CT3N2MO o 7 Yes Unknown MSH2 6 P Negative for PR AR P 2
Positive tested 1.9 200mg, q3w 0.71 tumor PR 0
59y) tumor cell
(Continued)
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irAEs was 35.0% (7/20) for all 20 patients, 45.5% (4/11) in the pCR

= o group, and 28.6% (2/7) in the WW group (P = 0.627). Most of the
irAEs were grade 1, but one patient developed a grade 2
= % s hypothyroidism that was significantly relieved by low-dose
s 2" £- thyroxine supplementation. There were no grade 3 or higher
= = irAEs (Table 5).
— £ Among the 13 patients who received TME, the median time
§‘ g & & from the last nIT to surgery was 25 days (18-42), and none of these
— patients had a delay of surgery due to an irAE. All 13 of these
255 '% patients achieved RO resection: 2 (15.4%) received
§T§ g ‘éa:j & g abdominoperineal resection (APR) and 11 (84.6%) received
€8¢ sphincter-saving surgery. In the latter group, 3 (23.1%) patients
g v received low anterior resection (LAR) with a temporary ileostomy.
g % £ £E There were srAEs in 3 (23.1%) of these patients: a grade 1 surgical
= incision with poor healing, a grade 1 postoperative anastomotic
Sy m 5 g bleeding, and a grade 2 anastomotic leak. No patient experienced
g §§ S‘:E g o § perioperative mortality or severe surgery-related morbidity
g é E §° £ g requiring re-operation (Table 6).
<
2 z : £ : Recurrence and survival outcomes
e e The median follow-up time was 24.35 months (range: 16.4-
N7 EE 29.9) in all 20 patients, 24.5 months (range: 16.4-29.9) in the pCR
group, and 25.0 months (range: 20.5-29.0) in the WW group (P =
- © 0.633; Table 7). None of the 20 patients (including the 2 with TRG-

1) experienced LR, DM, or death as of the last follow-up date (June
15, 2022). Thus, the pCR group and WW group had 2-year DFS
rates and 2-year OS rates of 100%, and LR rates and DM rates of 0%
(Table 7 and Figure 6). Remarkably, 4 patients who adopted a WW
strategy after achieving near-cCR and did not continue anti-PD-1

Sintilimab
200mg, q3w
Sintilimab
200mg, q3w

£B .52 therapy did not experience LR or DM, even though some of them
% é ‘g‘ E‘ . o had high-risk factors at baseline, such as EMVI+, MRF+, and T4
=5 "=2E stage (Table 3).
5% 53
“3 2%
. Discussion
g EE Our real-world study examined a multicenter cohort of LARC
patients with dMMR/MSI-H who were treated with neoadjuvant
é é PD-1 inhibitor monotherapy. During the 2-year follow-up period,
5 5 100% (7/7) of patients who were managed with a WW strategy after
I achieving a cCR or near-cCR had a comparable oncological safety
EE § 2 8 profile as those who accepted TME surgery. More importantly,
€555 patients in the WW group did not experience a reduced quality of
g2 life associated with surgical complications, enterostomies, or
§ % 55 « = deterioration of the bowel, urinary system, or sexual function.

Moreover, in the WW group, the 4 patients with near-cCR

alT, adjuvant immunotherapy; AR, anterior resection; APR, abdominoperineal resection; cCR, clinical complete response; CEA, carcinoembryonic antigen; CR, complete response; dAMMR, mismatch repair-deficient; DRE, digital rectal examination; EMVI, extramural

vascular invasion; LAR, low anterior resection; LARC, locally advanced rectal cancer; LS, lynch syndrome; MMR, mismatch repair; MRF, mesorectal fascia; MRI, magnetic resonance imaging; MS, Microsatellite status; MSI-H, microsatellite instability-high; nIT,
neoadjuvant immunotherapy; PR, partial response; RECIST v1.1, response evaluation criteria in solid tumors version 1.1; TNM, tumor Node Metastasis; TRG, tumor regression grade; TRUS, transrectal ultrasound; ypTNM stage, pathological tumor node metastasis staging

Patient No. 1-11, the patients in the pCR group; @-®, the patients who did not achieved pCR.

EN- e achieved the same rate of organ sparing and oncological safety as

2 2 §° E the other 3 patients with cCR (Table 3), similar to the results of the
9 _ ? OPERA study (11). Thus, for LARC patients with dAMMR/MSI-H
_E % é 2 who achieve cCR or near-cCR after nIT, the WW strategy is a safe
§ I 5"; § and beneficial option.
~ el Previous studies indicated that the 2-year LR rate of LARC
'g 02F e=f £ patients who achieved cCR and adopted a WW strategy after nCRT
= £ was 19 to 25% (9, 34). In our study, a WW approach, even for
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TABLE 3 Details of dMMR/MSI-H LARC patients treated with nIT and WW strategy.

Patient
R
No. Distance from . Loss of MMR Maximum diameter of primary . Courses of nIT Response on esponse Response evaluated
MRF, Personal or family . Regimen . Serum CEA level pre- Response ) on
(Sex, the anal verge ) protein expres- tumor on MRI pre- and post- nIT before taking endoscopic, and based on the RECIST
Age. EMVI, i) history of cancer sion (cm) of nIT and post- niT (ug/L) on DRE biops rectal MRI, vii
g psy and TRUS :
years)
MSH2, C
1 Negative, Not 8.1, Sintilimab 8.8, . R, CR,
cT4bNOMO . 8 No Unknown MSHS6, 10 Scar Negative for tumor cCR
(M, 58y) Negative tested 0 200mg, q3w 1.28 CR
PMS2 cell
- - CR,
I Positive, MSI- 4.3, Sintilimab 1.37, . CR,
cT3NIMO . 2 No Unknown Not tested 8 Scar Negative for tumor cCR
(M, 62y) Negative H 0 200mg, q3w 0.86 " CR
cel
. . CR,
il Negative, MSI- 27, Tislelizumab 1.07, Smooth . CR,
cT4aN1MO . 8 Yes Yes Not tested 8 Negative for tumor cCR
(E, 50y) Negative H 0 200mg, q3w 1.03 mucosa el CR
. - CR,
v Negative, Not 22, Sintilimab 3.05, . near-CR,
cT3NIMO . 1 No Unknown PMS2 8 Scar Negative for tumor near-cCR
(E, 61y) Negative tested 05 200mg, q3w 1.94 1 CR
cel
. . CR,
v Negative, MSI- 6.1, Pembrolizumab 1.47, . near-CR,
cT3NOMO . 6 Yes Suspected MSH2 6 Scar Negative for tumor near-cCR
(F, 55y) Negative H 0.7 200mg, q3w 0.98 cell near-CR
near-CR,
VI Positive, MSI- 9.4, Tisleli b 48.56, Si th -CR,
cT4bN2MO Os‘_ l_ve 2 Yes Suspected MSH2, MSH6 iselizuma 6 moo Negative for tumor near near-cCR
(M, 43y) Positive H 0.9 200mg, q3w 0.74 mucosa cell near-CR
viI Positi Not 4.5 Sintilimab 7.00, CR, CR,
itive, 5, intilim: .00, . near-CR,
cT4bN2MO o ?'e 5 No Unknown MLH1 © ? 10 Scar Negative for tumor o near-cCR
(F, 50y) Negative tested 1.0 200mg, q3w 258 1 near-CR
cel

cCR, clinical complete response; cTNM, clinical tumor node metastasis; CEA, carcinoembryonic antigen; CR, complete response; dMMR, mismatch repair-deficient; DRE, digital rectal examination; EMVI, extramural vascular invasion; LARC, locally advanced rectal
cancer; LS, lynch syndrome; MMR, mismatch repair; MRF, mesorectal fascia; MRI, magnetic resonance imaging; MS, Microsatellite status; MSI-H, microsatellite instability-high; nIT, neoadjuvant immunotherapy; PR, partial response; RECIST v1.1, response evaluation
criteria in solid tumors version 1.1; TRG, tumor regression grade; TRUS, transrectal ultrasound.
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Pre-nIT

Post-nIT

255
months
after
ww

FIGURE 2

Representative radiologic, colonoscopic and pathological response to niT in one patient with cCR (patient Il in Table 3). (A) Sagittal plane MR views
of the pelvis: pre-nIT VS post-nIT VS 25.5 months after WW; (B) Axial plane MR views of the pelvis: pre-nIT VS post-nIT VS 25.5 months after WW;
(C) Colonoscopy: pre-nlT VS post-nIT VS 25.5 months after WW; (D) Pathology: tumor biospy of pre-nIT (HE x40) VS re-biospy of post-nIT (HE x40)

VS re-biospy of 25.5 months after WW (HE x40). cCR, clinical complete response; HE, hematoxylin-eosin; MR, Magnetic resonance; nIT, neoadjuvant
immunotherapy.

Pre-nIT

Post-nIT

274
months
after
wWw

FIGURE 3

Representative radiologic, colonoscopic and pathological response to nIT in one patient with near-cCR (patient VI in Table 3). (A) Sagittal plane MR
views of the pelvis: pre-nIT VS post-nIT VS 27.4 months after WW; (B) Axial plane MR views of the pelvis: pre-niIT VS post-nIT VS 27.4 months after
WW; (C) Colonoscopy: pre-nIT VS post-nIT VS 27.4 months after WW; (D) Pathology: tumor biospy of pre-nIT (HE x40) VS re-biospy of post-nIT (HE
x40) VS re-biospy of 27.4 months after WW (HE x40). HE, hematoxylin-eosin; MR, magnetic resonance; nIT, neoadjuvant immunotherapy;near-cCR,
near clinical complete response.
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FIGURE 4

1I0 cycle

The percentage of tumor size on MRI at baseline and during nIT in 20 dMMR/MSI-H LARC patients. I-VII, the patients in the WW group; 1-11, the
patients in the pCR group; ®-®@, the patients who did not achieved pCR. dMMR, mismatch repair-deficient; LARC, locally advanced rectal cancer;
MRI, magnetic resonance imaging; MSI-H, microsatellite instability-high; nIT, neoadjuvant immunotherapy; pCR, pathological complete response;

WW, watch-and-wait.

patients with near-cCR or high-risk factors for LR and DM (EMVI
+, MRF+, or T4 stage), led to a 2-year LR rate and DM rate of 0%.
This remarkable efficacy may be because the nIT can convert the
high level of tumor antigens produced by the primary tumor with
dMMR/MSI-H into “autologous vaccines”, which activate and
recruit more tumor-specific T cells and promote the formation of
long-term immune memory, rather than simply killing tumor cells.
This kind of systemic and persistent immunity against tumors
enables greater clearance of micrometastases that cannot be
eliminated by surgery or radiotherapy and reduces the rate of LR
and DM (35-37).

Pre-nIT

The WW strategy described herein is indeed promising, but
accurate assessment of cCR and near-cCR remains a difficult
problem. Due to the lack of more sensitive assessment methods,
we used the same diagnostic criteria for cCR and near-cCR as used
in patients after traditional nCRT. However, the mechanism of
action and response of immunotherapy are markedly different from
those of conventional therapy with cytotoxic drugs and radiation
(38). These could lead to inconsistent clinical and pathological
evaluations, as indicated by an underestimated efficacy of
immunotherapy based on imaging. In this study, although the
imaging results demonstrated that the 3 patients with near-cCR

FIGURE 5

Representative radiologic, resection specimen and pathological response to nIT in one patient with pCR (patient 1 in Table 2). (A) Sagittal plane MR
views of the pelvis: pre- VS post- niIT; (B) Axial plane MR views of the pelvis: pre- VS post- nIT; (C) Pathology: tumor biospy of pre-nIT (HE x40) VS
postoperative specimen of post-nIT (HE x40); (D) Specimen: Resection specimen of post-nIT. HE, hematoxylin-eosin; MR, magnetic resonance; niT,

neoadjuvant immunotherapy; pCR, pathological complete response.
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TABLE 4 Pathological outcomes of dMMR/MSI-H LARC patients treated
with nIT and surgery.

Outcomes

nIT and surgery group

(n=13)

ORR 13/13 (100%)

Pathological response rate 13/13 (100%)

MPR rate 13/13 (100%)
pCR rate 11/13(84.6%)
TRG
0 11/13(84.6%)
1 2/13(15.4%)
2 0
3 0
Pathological T stage
ypTO 11/13(84.6%)
ypT1 2/13(15.4%)
ypT2 0
ypT3 0

Pathological N stage
ypNO 13/13 (100%)
ypN1 0

Pathological TNM stage

ypTONOMO 11/13(84.6%)
ypTINOMO-I 2/13(15.4%)
ypT2NOMO-I 0
ypT3NOMO-ITA 0

dMMR, mismatch repair-deficient; LARC, locally advanced rectal cancer; MPR, major
pathological response; MSI-H, microsatellite instability-high; nIT, neoadjuvant
immunotherapy; ORR, objective response rate; pCR, pathological complete response; TNM,
tumor Node Metastasis; TRG, tumor regression grade.

and the 7 patients with PR in the pCR group still had residual mass,
the pathology results revealed that none of their surgical resection
specimens had residual tumor cells, but instead consisted of massive
inflammatory cells or mucus lakes (Table 2). The recent PICC study
found that 28 of 35 patients who were evaluated as PR
preoperatively had pCR based on postoperative pathology (23).
This inconsistency also occurred in studies of nIT for other solid
malignancies (39, 40). A possible explanation is that radiology
cannot easily distinguish masses consisting of inflammatory cells,
necrotic tissue, and/or fibrous tissues from masses consisting of
tumor cells. This issue appears to challenge the routine use of
established morphological-based response evaluation criteria.
Fortunately, tests other than conventional imaging examinations
have gradually been used for efficacy evaluation in patients with
malignancy. For example, '*F-fluorodeoxyglucose-positron emission
computed tomography (**F-FDG-PET/CT), a valuable tool that
combines anatomic morphologic imaging with functional metabolic
imaging, can help to distinguish malignant and non-malignant
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masses. Goldfarb et al. first proposed the immune PET response
criteria in solid tumors (iPERCIST) in 2019. They reported that this
criterion could compensate for about 39% of the response
underestimated by the RECIST 1.1 criteria in non-small cell lung
cancer patients who received ICIs (41). In the 2022 study of Cercek
et al., 12 rectal cancer patients with dAMMR/MSI-H who were
evaluated as cCR by traditional anatomical imaging combined with
"SE_-FDG-PET/CT after 6 months of neoadjuvant dostarlimab
treatment and adopted a WW strategy did not develop recurrence
during the 6 to 25-month follow-up period (21). In addition, other
studies found that changes in the level of circulating tumor DNA
(ctDNA) could be used to predict response to immunotherapy (42,
43). Bratman et al. reported a 100% OS rate of patients with solid
tumors who had ctDNA elimination after pembrolizumab treatment
during a median follow-up time of 25.4 months (43). Hence, a
regimen that combines radiological, metabolic, and hematological
parameters might improve the accuracy of the efficacy evaluations of
immunotherapy, and this could facilitate early identification of
patients who would benefit most from a WW strategy and prevent
over-treatment.

Furthermore, an underestimation of the efficacy of
immunotherapy from imaging suggests that rectal cancer patients
with dAMMR/MSI-H who were treated with ICIs may have achieved
PCR before being evaluated as near-cCR, cCR, or even PR. Another
consideration is that patients who receive immunotherapy have
unique remission patterns, such as delayed response, pseudo-
progression (38), and long-lasting efficacy. We therefore suggest
that LARC patients who are considering a WW strategy after nIT —
even if imaging does not yet indicate cCR — should be offered the
option of more time for observations or more cycles of ICIs
followed by re-evaluation, rather than early surgical resection.
Transanal local tumor resection, another organ-sparing option,
may be preferred to proctectomy for rectal cancer patients who
have a persistent clinical stage of ycTINOMO after nIT.

In terms of optimal efficacy, our results demonstrated a 90% CR
rate (55% pCR, 15% cCR, and 20% near-cCR) was achieved after 6
cycles (range 4-10) of a neoadjuvant PD-1 inhibitor. This is better
than reported in the NICHE study (17), the NICHE-2 study (18), and
the PICC study (23), but worse than in the study of Cercek et al. (21).
We believe that these differences in efficacy can be partly explained by
differences in the dose and duration of the ICIs. In particular, the
NICHE study and NICHE-2 study reported pCR rates of dMMR/
MSI-H colon cancer patients were 69% and 67% after one dose of
ipilimumab (1 mg/kg on day 1) and two doses of nivolumab (3 mg/kg
on days 1 and 15). The PICC study reported the pCR rate in LARC
patients with dMMR/MSI-H after 6 cycles of toripalimab (3 mg/kg)
was 88% with celecoxib and 65% without celecoxib. However, the
Cercek et al. study of LARC patients with dAMMR/MSI-H reported
the cCR rate was 100% after neoadjuvant treatment with 9 cycles of
dostarlimab (500 mg every 3 weeks for 6 months).

Another consideration is that these previous studies examined
tumors at different sites. The Cercek et al. (21). study and our study
examined LARC patients and achieved CR rates of 90% or more;
this is higher than in the NICHE study (17) and the NICHE-2 study
(18), which examined patients with colon cancer. The PICC study
reported a slightly higher pCR rate in rectal cancer patients
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TABLE 5 Immune-related adverse events (irAEs) of patients with dMMR/MSI-H LARC.

Adverse events Total pCR group WW group
(n=20) (n=11) (n=7)
Grade 1 Grade 2 Gradez23 Grade 1 Grade 2 Grade23  Grade 1 Grade 2 Gradez=3
irAEs
Pneumonia 1 0 0 0 1 0 0 0 0
Hypothyroidism 0 1 0 0 0 0 0 1 0
Nausea 1 0 0 1 0 0 0 0 0
Fatigue 1 0 0 0 0 0 0 0 0
Neutropenia 1 0 0 1 0 0 0 0 0
Pruritus or rash 1 0 0 1 0 0 0 0 0
Decreased appetite 1 0 0 0 0 0 1 0 0
Bowel obstruction 0 1 0 0 1 0 0 0 0
Total 6/20 2/20 0 3/11 (27.3%) 2/11 0 1/7 1/7 0
(30.0%) (10.0%) (18.2%) (14.3%) (14.3%)
8/20(40.0%) 4/11(45.5%) 2/7 (28.6%)
P-value P=0.627

dMMR, mismatch repair-deficient; irAEs; immune-related adverse events; LARC, locally advanced rectal cancer; MSI-H, microsatellite instability-high; pCR, pathological complete response;

WW, watch-and-wait.

(83.33%) than in colon cancer patients (78.57%) (23), and Liu et al.
reported similar results (pCR rate, rectal cancer: 100%, colon
cancer: 50%) (44). These differences in efficacy suggest that rectal
cancer patients with dMMR/MSI-H appear to benefit more from
nIT than colon cancer patients with dMMR/MSI-H. There is also
evidence of differences in the distribution of gut microbiota in
different parts of the colorectum. In particular, rectal cancer
patients have significantly more diverse gut microbiota than colon
cancer patients (45, 46). Furthermore, several gut microbes can
affect the efficacy of ICIs (39, 47), such as Fusobacterium nucleatum,
which induces various immune responses in CRCs with distinct
microsatellite states, and can enhance the efficacy of ICIs (48, 49).

However, LARC patients with dMMR/MSI-H achieved a 75% CR
rate (lower than our study) after a median of 8 cycles of nIT with
sintilimab (higher than our study), and a case of primary resistance to
ICIs was reported in a recent study (50). It indicates that factors other
than those mentioned above influence patient efficacy, among which
tumor mutation burden (TMB), gene status and immune
microenvironment are several research hotspots. For instance,
dMMR/MSI-H CRC patients with low TMB, immunosuppressive
tumor microenvironment, or mutation in the PTEN gene or PIK3CA
gene are resistant to ICIs (51, 52), while pMMR/MSS CRC patients
with a mutation in POLE or POLDI gene are sensitive to ICIs (53).
Therefore, despite nIT being highly effective for CRC patients with

TABLE 6 Surgical-related adverse events (srAEs) and enterostomy of patients with dMMR/MSI-H LARC ungerwent surgery.

Adverse events PCR group
(n=11)
Grade=3 Grade 2 Grade=3
SrAEs
Incision infection 1 0 0 1 0 0
Postoperative bleeding 1 0 0 0 0 0
Anastomotic leakage 0 1 0 0 1 0
Total 2/13 1/13 0 1/11 1/11 0
(15.4%) (7.7%) (9.1%) (9.1%)
3/13 (23.1%) 2/11 (18.2%)
Enterostomy
Temporary ileostomy 3/13 (23.1%) 3/11 (27.3%)
Permanent colostomy 2/13 (15.4%) 2/11 (18.2%)

dMMR, mismatch repair-deficient; LARC, locally advanced rectal cancer; MSI-H, microsatellite instability-high; pCR, pathological complete response; srAEs, surgical-related adverse events.
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TABLE 7 Recurrence and survival in dMMR/MSI-H LARC patients with niT.

10.3389/fimmu.2023.1182299

. CR grou WW grou
Recurrence or survival P 9 P 9 P
(n=11)
LR 0 0 0 >0.999
DM 0 0 0 >0.999
2-year DFS 20/20(100%) 11/11(100%) 7/7(100%) >0.999
2-year OS 20/20(100%) 11/11(100%) 7/7(100%) >0.999
24. 24. 25.

Median Follow-up (months) 35 50 500 0.633

(16.4-29.9) (16.4-29.9) (20.5-29.0)

DFS, disease-free survival; DM, distant metastasis; dMMR, mismatch repair-deficient; LARC, locally advanced rectal cancer; LR, local recurrence; MSI-H, microsatellite instability-high; nIT,
neoadjuvant immunotherapy; OS, overall survival; pCR, pathological complete response; WW, watch-and-wait.

dMMR/MSI-H, the inclusion of the analysis of the molecular profile
as well as the immune contexture remains imperative.

It is currently uncertain whether continuous ICI treatment is
required for CRC patients who achieve a cCR or pCR after nIT. In
the NICHE study (17) and the NICHE-2 study (18), aIT was not
offered to 69% (22/32) and 67% (72/107) of dMMR colon cancer
patients who achieved pCR. The 12 LARC patients with dAMMR/
MSI-H in the study of Cercek et al. (21). who achieved a cCR also
did not continue ICI treatment after adopting a WW strategy.
Notably, patients in all three previous studies who attained pCR or
cCR did not develop LR or DM during the follow-up period
(median: 25 months for NICHE, 13 months for NICHE-2, and 12
months for Cercek et al.). However, the PICC study recommended
adjuvant use of toripalimab with or without celecoxib for all
patients, regardless of whether they attained pCR, until
completion of 6 months of perioperative anti-PD-1 therapy (23).

In our study, the median time from treatment initiation to CR was
5.25 months (range 4.5-7.5), the median time of the entire
perioperative period was 6 months (range 4.5-9.0), and we
observed no recurrence or metastasis during the 2-year follow-up.
The value of aIT is currently unknown, indicating the need for large
prospective studies.

Several studies reported that ctDNA is associated with an
increased risk of recurrence (54, 55). This ctDNA reflects
minimal residual disease (MRD), which is responsible for the
most postoperative recurrences (56). Henriksen et al. studied
patients with stage III colon cancer and compared ctDNA-
negative and ctDNA-positive patients after surgery and adjuvant
chemotherapy. They found a 7-fold increased risk of recurrence for
patients who were ctDNA-positive after surgery and a 50-fold
increased risk of recurrence for patients who were ctDNA-
positive after adjuvant therapy, while patients with continuous
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negative ctDNA during and after adjuvant therapy had no
recurrence (57). Therefore, a ctDNA-based MRD assay may help
to identify patients with high risk of relapse, and provide more
personalized suggestions for adjuvant treatment and surveillance
(54, 57). Three ongoing prospective clinical studies (NCT04761783;
NCT05198154; NCT04636047) are examining the use of ctDNA-
based MRD assays for guiding immunotherapy.

Finally, nIT for LARC is still in its infancy, and there is no
unified standard regarding the therapeutic dose, course, efficacy
evaluation criteria, or the need for aIT. Although outcomes appear
promising, this study was limited by its retrospective design, small
sample size, and short follow-up time. Firstly, a WW strategy after
obtaining cCR or near-cCR following nIT is not currently a
standard therapy, and the decision to circumvent proctectomy
was mostly driven by an individual patient’s strong desire for
preservation of organ function and avoidance of enterostomy.
This is why there were only 7 cases in our WW group. Secondly,
the median follow-up time of our study was only 24.35 months.
However, this was the longest follow-up time of any study that
examined the WW strategy after nIT. In addition, due to economic
and other reasons, only two patients in our study had a detection of
germline genes and confirmed a diagnosis of Lynch syndrome.
Given the familial heritability of Lynch syndrome and the potential
for multiple primary malignancies, we will continue to encourage
subjects who are young or suspected of Lynch syndrome to perform
germline genetic testing for better long-term management and
follow-up.

Conclusions

In conclusion, our study verified the feasibility and safety of a WW
strategy for LARC patients with dMMR/MSI-H who achieved cCR or
near-cCR after nIT. Our results suggest that a WW strategy for these
patients could help to preserve sphincter function and improve long-
term survival. Longer follow-up studies and prospective trials are
needed to evaluate this promising treatment option.
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Background: The tumor microenvironment (TME) provides a conducive
environment for the growth and survival of tumors. Negative factors present in
TME, such as IL-10, may limit the effectiveness of cellular vaccines based on dendritic
cells, therefore, it is important to control its effect. The influence of IL-10 on immune
cells can be abolished e.g., by using antibodies against the receptor for this cytokine
- anti-IL-10R. Furthermore, the anticancer activity of cellular vaccines can be
enhanced by modifying them to produce proinflammatory cytokines, such as IL-
12, IL-15 or IL-18. Additionally, an immunomodulatory dose of methotrexate and
hydroxyethyl starch (HES-MTX) nanoconjugate may stimulate effector immune cells
and eliminate regulatory T cells, which should enhance the antitumor action of
immunotherapy based on DC vaccines. The main aim of our study was to determine
whether the HES-MTX administered before immunotherapy with anti-IL-10R
antibodies would change the effect of vaccines based on dendritic cells
overproducing IL-12, IL-15, or IL-18.

Methods: The activity of modified DCs was checked in two therapeutic protocols
- immunotherapy with the addition of anti-IL10R antibodies and
chemoimmunotherapy with HES-MTX and anti-IL10R antibodies. The inhibition
of tumor growth and the effectiveness of the therapy in inducing a specific
antitumor response were determined by analyzing lymphoid and myeloid cell
populations in tumor nodules, and the activity of restimulated splenocytes.

Results and conclusions: Using the HES-MTX nanoconjugate before
immunotherapy based on multiple administrations of anti-IL-10R antibodies
and cellular vaccines capable of overproducing proinflammatory cytokines IL-
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12, 1L-15 or IL-18 created optimal conditions for the effective action of these
vaccines in murine colon carcinoma MC38 model. The applied
chemoimmunotherapy caused the highest inhibition of tumor growth in the
group receiving DC/IL-15/IL-15Ra/TAg + DC/IL-18/TAg at the level of 72.4%. The
use of cellular vaccines resulted in cytotoxic activity increase in both immuno- or
chemoimmunotherapy. However, the greatest potential was observed both in
tumor tissue and splenocytes obtained from mice receiving two- or three-
component vaccines in the course of combined application. Thus, the

designed treatment schedule may be promising in anticancer therapy.

KEYWORDS

dendritic cells, interleukin 12, interleukin 15, interleukin 18, anti-IL-10R antibodies,
nanoconjugate, methotrexate, colon carcinoma

1 Introduction

According to the World Health Organization, colon cancer was
the second leading cause of cancer-related deaths worldwide in 2020
(1). Growing evidence has demonstrated that the fate of tumor
progression is highly correlated with the presence of a specific
tumor microenvironment (TME) created by tumor cells,
extracellular matrix, stromal cells, as well as various types of
infiltrating immune cells (2), which activity is modified by TME.
For example, macrophages originating from circulating monocytes,
under the influence of tumor-derived factors, can become tumor-
associated macrophages (TAMs) regarded as the leading producers of
immunosuppressive cytokines such as IL-10 and TGF-f3 (3). TAMs
are able to present antigens in the MHC II-associated pathway,
nevertheless, in hypoxia or under the influence of IL-10, the MHC
IT surface expression decreases, causing tumor progression (4-6).
Myeloid-derived suppressor cells (MDSCs), other populations of
myeloid cells which produce IL-10, under hypoxia conditions are
able to transform into TAMs increasing the size of this population
(7). TME contributes to a change in the infiltration of both T and
natural killer (NK) cells. However, depending on the type of
environmental factors or interaction with MDSCs, part of effector
CD4" cells can convert into regulatory T cells (Tregs), which are
involved in the suppression of arising antitumor activity by secretion
of both TGF-f and IL-10, and their increased frequency is associated
with poorer cancer patients’ prognoses (8, 9).

The use of conventional treatment with various chemotherapeutics
aimed at the elimination of cancer cells is still unsatisfactory, especially
in the context of severe systemic side effects. Hence there is a
requirement for new, safe and effective anticancer therapies based on
cytostatics, for example, using novel drug delivery systems. Such an
approach is the use of nanoconjugate of methotrexate and
hydroxyethyl starch (HES-MTX), which was obtained by covalent
coupling of two well-known therapeutic compounds — methotrexate
(MTX) and hydroxyethyl starch (HES) (10). MTX represents one of
the oldest antifolate chemotherapeutics, commonly used in
autoimmune diseases and in anticancer therapy of solid tumors and
hematologic malignancies (11), whereas HES as an amylopectin-based
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modified polymer is applied in medicine as colloidal plasma volume
expander. The HES-MTX nanoconjugate provides a prolonged half-
time in plasma compared to the free form of MTX, which further
improves the distribution of the nanoconjugate in the body and
effective drug release in the target tissue (10). The effect of
conjugation of a low-molecular-weight drug with a high-molecular-
weight carrier provides an optimal hydrodynamic diameter of the
obtained HES-MTX nanoconjugate. This enables more efficient
accumulation in tumor tissue, mainly through enhanced vascular
permeability and retention effect (EPR), which was discussed in
more detail in our previous publication (12). Moreover, the
anticancer activity of HES-MTX has been confirmed in murine and
human leukemia models (10), as well in the murine colon carcinoma
MC38 model (12, 13).

Secreted by many leukocyte populations, IL-10 is one of the
factors present in TME, contributing to the suppression of immune
response (14, 15). This cytokine is involved in inhibiting antigen
presentation, affects the differentiation and maturation of DCs and
impairs their migration to secondary lymphoid organs. Moreover,
IL-10 reduces the local antigen-specific response of CD8" cells and
suppresses IL-12 secretion by DCs (16, 17). Therefore, the
manipulation of IL-10 levels is a key step in controlling tumors,
especially in the advanced stages of the disease (18). This can be
achieved by local or systemic blockade of IL-10 activity, e.g. by
administration of shRNA against IL-10 and antibodies neutralizing
IL-10 or IL-10 receptor (19-24). The temporary blockade of the IL-
10-specific receptor (IL-10R) with anti-IL-10R antibodies reduces
the sensitivity of immune cells to IL-10, which prevents the
transformation of effector cells into suppressor cells and prepares
optimal conditions for triggering an efficient anticancer response.

The immune cells’ responsiveness can be also restored using
dendritic cell-based vaccines. Effective therapeutic vaccines should
be able to prime naive T cells, but most importantly, induce the
transition of existing memory T cells to effector CD8" cells. To
effectively stimulate T lymphocytes, dendritic cells must present
tumor antigens via MHC class I and II molecules, express
costimulatory ligands, and inflammatory mediators such as IL-12 or
type I interferons (IFNs) (25). Accumulating evidence indicates the
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possibility of using such vaccines to support conventional therapies.
After using combined therapy, it is possible to obtain a synergistic
effect, especially when DCs have not only been subjected to antigenic
activation but also genetic modifications. The efficacy of the combined
therapy may therefore rely on the use of genetically modified DCs
secreting cytokines (e.g. IL-12, IL-15) enhancing the efficacy of the
activated DCs to induce an antitumor response (26). Proinflammatory
cytokines such as IL-12, IL-15 or IL-18 can additionally stimulate the
proliferation and activity of the immune system cells.

Interleukin 12 regulates inflammation by harnessing effector
mechanisms of both innate and acquired immunity (27). Most IL-
12-induced effects are mediated by the IFN-y secretion and
promotion of the Thl T helper cell differentiation (28). The effect
of IL-12 on the antitumor response has been observed in preclinical
models, but it has not been implemented in clinical practice due to
substantial side effects after systemic administration. Thus, the
delivery of IL-12 for therapeutic purposes focuses on its direct
application to the tumor site (29). In turn, IL-15 stimulates the
activation, proliferation, survival, and cytotoxicity of CD8" cells and
memory phenotype CD8" cells. Like IL-2, IL-15 could be used to
proliferate and maintain NK cells and is critical for the functional
maturation of both macrophages and DCs. However, unlike IL-2,
IL-15 does not lead to activation-induced T cell death, proliferation
enhancement, or differentiation of immunosuppressive CD4" Treg
cells (30, 31). Multiple murine immunotherapy trials in different
models have revealed that IL-15 might be more effective than IL-2
in anticancer therapy (32). Still, when administered as monotherapy
it has appeared to be ineffective, needing the combinate of
application with other anticancer agents (31). Interleukin 18 was
known as an IFN-y inducing factor due to its function in IFN-y
enhancement. This leads to the polarization of CD4" cells towards
the helper T cell type 1 (Th1) phenotype when costimulated with
IL-12 or IL-15. Importantly, without IL-12 or IL-15, IL-18 does not
induce IFN-y production but plays an important role in
differentiating naive T cells into Th2 cells producing IL-13 and
IL-4. Using IL-18 as an adjuvant combination with other cytokines,
such as IFN-o, IL-15, IL-12, and IL-2, it can also promote
interaction between DCs and T cells, and the activation and
proliferation of T cells in colorectal cancer patients (33, 34).

The main purpose of our study was to determine the effect of
immunotherapy alone based on multiple administrations of cellular
vaccines and anti-IL-10R antibodies and evaluate the efficacy of the
therapy, which was preceded by a single administration of the HES-
MTX nanoconjugate in an immunomodulatory dose. Based on
tumor growth inhibition and changes in local and systemic immune
responses, we have shown that using the HES-MTX nanoconjugate
creates a suitable environment for the effective action of cell-based
vaccines. This was especially evident in the groups receiving DC
vaccines based on mixtures of two or three transductants, although
the concentration of a single cytokine released was lower than when
a single transductant was used. Such therapy resulted in a clear
inhibition of tumor growth and a decrease in the population of
TAM and Treg cells with a suppressor effect. There was also
observed an increase in the infiltration of CD4", CD8" cells and
NK cells into tumor tissue, especially after chemoimmunotherapy
harnessing anti-IL-10R antibodies and mixtures of dendritic cells.
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2 Materials and methods

2.1 Cell lines

The in vivo growing MC38 murine colon carcinoma from the
Tumor Bank of the Radiobiological Institute TNO (Rijswijk, The
Netherlands) was adapted to in vitro conditions as described by
Pajtasz—Piasecka et al. (35). The culture of MC38/0 (named here
MC38) cells was maintained in RPMI-1640 (Gibco) supplemented
with 100 U/ml penicillin, 100 mg/ml streptomycin, 0.5% sodium
pyruvate, 0.05 mM 2—-mercaptoethanol (named here RPMI) and 5%
fetal bovine serum (FBS; all reagents from Sigma—Aldrich). Lenti-X
293T cell line (Clontech) was maintained in high-glucose
Dulbecco’s Modified Eagle Medium (Gibco) supplemented with
100 U/ml penicillin, 100 mg/ml streptomycin, 1 mM sodium
pyruvate and 10% FBS. Cultures were carried out under standard
conditions (5% CO,, 37°C).

2.2 Tumor cell lysate preparation

The MC38 colon cancer cells were harvested and resuspended
at a density of 5x 10° cells/mL in RPMI-1640 (Gibco) supplemented
with 10% FBS (Sigma-Aldrich). All cells were subjected to 5 cycles
of freezing in liquid nitrogen and quick thawing at 37°C. The cell
suspension was then sonicated for 90 min. Tumor antigens (TAg)
were used to stimulate dendritic cells.

2.3 Production of lentiviral vectors

Lentiviral vectors (LVs) were produced using a third-
generation lentiviral system, which consisted of auxiliary
vectors: pMDLg/pRRE, pRSV Rev, pMD2.G [the plasmids were
a gift from Didier Trono (Addgene plasmids #12251, 12253,
12259)] and expression vector. The expression plasmids
encoded the cytokine genes: il12, il15/ill5ra or il18. In the
vector carrying the il15 gene, the gene sequence of this cytokine
was preceded by a signal sequence facilitating the release of the
protein from the cell. In addition, after the gene encoding the
cytokine and the linker, there was a gene sequence encoding the
alpha subunit of the IL-15 receptor, in order to delay the process
of intracellular degradation of this protein. A control vector was
also created to check the effect of lentiviral transduction on
dendritic cells. All expression vectors were purchased from
VectorBuilder. Lentiviral vectors were produced by Lenti-X
293T cells (ClonTech) co-transfected with the above-mentioned
plasmids and cultured for 48 hours. The supernatant containing
lentiviral vectors was collected and concentrated by precipitation
using PEG 6000 (Sigma-Aldrich). The pellet containing the
lentiviral vectors was suspended in PBS and stored at -80°C.
The procedure of lentiviral vectors production was described in
our previous article (36). The titer of the lentiviral vector was
determined by serial dilution method using MC38 cells and flow
cytometry analysis.
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2.4 Animals

Female C57BL/6 mice were obtained from the Center for
Experimental Medicine of the Medical University of Bialystok,
Poland. All experiments were performed in accordance with
Directive 2010/63/EU of the European Parliament and of the
Council on the protection of animals used for scientific purposes
and were approved by the Local Ethic Committee for Experiments
with the Use of Laboratory Animals, Wroctaw, Poland
(authorization number 077/2019). After the experiments, mice
were sacrificed by cervical dislocation.

2.5 Generation of cellular vaccines based
on transduced dendritic cells

Dendritic cells were generated from bone marrow isolated from
femurs and tibias of healthy female C57BL/6 mice according to the
protocol described in our previous publication (37). Cells (named
here DCs) were cultured in RPMI-1640 (Gibco) supplemented with
10% FBS (Sigma-Aldrich) in the presence of recombinant murine
(rm)GM-CSF (ImmunoTools, 40 ng/ml) and rmIL-4
(ImmunoTools, 10 ng/ml). After 7 days of culture, loosely
attached immature DCs were transduced with LVs (with the
assumption: 4 viral infectious particles per 1 dendritic cell) in the
presence of 8 ug/ml polybrene (Sigma—Aldrich). After 4 hours DCs,
were stimulated with tumor antigen lysates (TAg, 10% v/v). Mature
dendritic cells obtained on day 8 of DC culture were collected and
applied to in vitro DC characteristics or used as cellular vaccines in
in vivo experiments.

2.6 Phenotype characteristic of
transduced DCs

In order to estimate the influence of LV transduction on the
differentiation level of DCs, the phenotype characteristic was
performed on 8 and 10 days of DC culture by flow cytometry.
Cells were labeled with a cocktail of monoclonal antibodies
conjugated with fluorochromes: anti-CD11c Brilliant Violet 650
(clone N418), CD80 PerCP-Cy5.5 (clone 16-10A1), CD86 PE-Cy7
(clone GL-1), MHC II APC-Fire 750 (clone M5/114.15.2) (all from
BioLegend) and CD40 Brilliant Violet 605 (clone 3/23) (from BD
Biosciences). In order to exclude dead cells, DAPI dye (Invitrogen)
was added prior to analysis, which was performed using the
LSRFortessa flow cytometer with Diva software (BD Biosciences).

2.7 Primary stimulation of splenic cells by
transduced DCs

The ability of the modified DCs to activate primary antigen-
specific immune response was evaluated in a 5-day co-culture of
mature DCs (0.18x10° cells) and naive spleen cells (1.8x10° cells) in
the presence of recombinant human (rh)IL-2 (200 U/ml,
Immunotools). In order to determine the percentage of CD107a"
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cells, the degranulation assay was performed. Primarily stimulated
spleen cells were incubated for 2 hours with MC38 cells in the
presence of monoclonal anti-CD107a antibodies conjugated with
APC (clone 1D4B, BioLegend) together with ionomycin (1 ug/ml,
Sigma-Aldrich), phorbol-12-myristate-13-acetate (50 ng/ml,
Sigma-Aldrich) and rhIL-2 (200 U/ml). Afterwards, cells were
harvested and stained with anti—-CD45 Brilliant Violet 605 (clone
30-F11), anti-CD4 FITC (clone RM4-5), anti-CD8a APC-Fire
(clone 53-6.7) and anti-NKI1.1 PE-Dazzle 594 (clone PK136) (all
from BioLegend). For the elimination of the dead cells, DAPI dye
was used. The flow cytometry analysis was performed using the
LSRFortessa flow cytometer with Diva software (BD Biosciences).

2.8 Therapeutic treatment schedule

Eight-to-ten-week-old female C57BL/6 mice were subcutaneously
(s.c.) inoculated in the right flank with MC38 cells (1.1x10° cells/0.2 ml
NaCl 0.9%/mouse). When tumor nodules were palpable, mice were
randomly divided on the basis of tumor volume into ten or eleven
experimental groups in immuno- and chemoimmunotherapeutic
schedule, respectively. In both experiments, cellular vaccines were
inoculated peritumorally (p.t.) on the 17 24™ and 31% days of the
experiment (2x10° cells/0.2 ml NaCl 0.9%/mouse/injection). The anti-
IL-10R antibodies (BioXCell) at a dose of 250 pg/0.2 ml/mouse/
injection were administered intraperitoneally (i.p.) the day before
injection of the cellular vaccines (16", 23™ and 30" day of the
experiment). The therapeutic schedule of chemoimmunotherapy was
started on the 14 day of the experiment with intravenously (i.v.) HES-
MTX nanoconjugate injection in the tail vein (at a dose 20 mg/kg body
weight). The HES-MTX preparation was described in detail in our
previous papers (10, 12). In both experiments, three types of cellular
vaccines were used — non-transduced DC/TAg, DC transduced with a
control vector (DC/Vctrl/TAg) and DCs modified to overproduce
cytokines. Mice received 2x10° modified dendritic cells per 1 injection,
regardless of whether the mice received cells overproducing only one
cytokine or a mixture of cells producing two or three cytokines. Cellular
vaccines named DC/IL-12/TAg, DC/IL-15/IL-15Ro/TAg and DC/IL-
18/TAg consisted of 2x10° cells of appropriate transductants, DC/IL-
12/TAg + DC/IL-15/IL-15Ra/TAg, DC/IL-12/TAg + DC/IL-18/TAg
and DC/IL-15/IL-15Ra/TAg + DC/IL-18/TAg consisted of 1x10° cells
of each listed transductants, while DC/IL-12/TAg + DC/IL-15/IL-
15R0/TAg + DC/IL-18/TAg was a mixture of three different
transductants in the number of 0.667x10° cells each.

2.9 Tumor volume of tumor-bearing mice

During the experiment, two or three times a week, tumors were
measured by using an electronic caliper and tumor volume was
calculated according to the formula: a/2 x b?, where represents the
largest and represents the smallest tumor diameter (38). MC38
tumor growth is shown as relative tumor volume. Relative tumor
volume was defined as the ratio of tumor volume on the day of
measurement to that tumor volume on the day of randomization
(day 13). Tumor growth kinetics are presented as a non-linear least
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squares regression fits of the Gompertz function. The therapeutic
efficacy was determined on the basis of the tumor growth inhibition
(TGI) value calculated as follows: TGI (%) = 100 — (TV,/TV,, x
100), where TV, refers to a median tumor volume in the treated
group and TV, - median tumor volume in the non-treated (nt)
group (37). Seven days after the last DC-based vaccine injection,
spleen and tumor nodules were dissected from MC38-tumor
bearing mice, homogenized, and stored in liquid nitrogen for
further ex vivo analyses.

2.10 Analysis of myeloid and lymphoid cell
populations in MC38 tumors after
applied therapy

Single-cell suspensions of tumor tissue were thawed and stained
for identification of myeloid and lymphoid cell subpopulations.
Tumor suspensions were stained with the LIVE/DEAD Fixable
Violet Dead Staining Kit (Thermo Fisher Scientific, Inc.) and then
labeled with cocktails of fluorochrome—conjugated monoclonal
antibodies: anti-CD3 PE-CF594 (clone 145-2C11), anti—-CD19
PE-CF594 (clone 1D3), anti-NK1.1 PE-Dazzle 594 (clone
PK136) (all from BD Biosciences), anti—-CD45 Brilliant Violet 605
(clone 30-F11), anti-CD11b PerCP-Cy5.5 (clone M1/70), anti
—CD11c Brilliant Violet 650 (clone N418), anti—F4/80 Alexa
Fluor 700 (clone BMS8), anti-Ly6C PE (clone HK1.4), anti-Ly6G
APC-Cy7 (clone 1A8), anti-MHC II FITC (clone M5/114.15.2),
(all from BioLegend) for myeloid cell identification, and anti—-CD45
Brilliant Violet 605 (clone 30-F11), anti—CD3 Brilliant Violet 650
(clone 17A2), anti—CD4 FITC (clone RM4-5), anti—-CD8 APC/Fire
750 (clone 53-6.7), anti-CD19 Alexa Fluor 700 (clone 6D5), anti
-CD25 PE (clone PC61) (all from BioLegend) for lymphocyte
identification. Then, cells were fixed using the Foxp3/
Transcription Factor Staining Buffer Set (eBioscience). Cells
stained with myeloid, or lymphocyte cocktail were additionally
incubated with anti-CD206 APC (clone C068C2) (BioLegend) or
anti—-FoxP3 APC (clone FJK-16s) (eBioscience) monoclonal
antibodies, respectively. The flow cytometry analysis was
performed using the LSRFortessa flow cytometer with Diva
software (BD Biosciences).

2.11 Analysis of the systemic
antitumor immune response of spleen
cells after therapy

Spleen single-cell suspensions (2x10° cells) were thawed and
cocultured with mitomycin C-treated MC38 cells (0.1x10° cells) in
the presence of rhIL-2 (200 U/ml). After 5 days of restimulation,
cells were harvested and the cytotoxic activity of effector splenocytes
against target (MC38) cells stained with DiO lipophilic dye
(Molecular Probes) was analyzed according to the previously
described procedure (38). Two E:T (effector to target) ratios were
investigated: 10:1 and 30:1. The dead target cells were distinguished
with propidium iodide (PI, Life Technologies) solution and the
percentage of DiO'PI"™ MC38 cells was determined. The
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degranulation assay was used as described earlier (section:
Primary stimulation of splenic cells by transduced dendritic cells).
Supernatants were collected and stored at 4°C until ELISA
was performed.

2.12 Measurement of cytokine production

Production of cytokines was evaluated using commercially
available ELISA kits (IL-10, IL-4; BD Biosciences and IL-12, IL-
15/IL-15R0., IL-18, IFN-v; eBioscience) according to the
manufacturer’s instructions.

2.13 Statistical analyses

All data were analyzed using GraphPad Prism 9 software
(GraphPad Software, Inc.). The normality of the residuals was
confirmed by the D’Agostino—Pearson omnibus test. When data
were consistent with a Gaussian distribution and had equal SD
values, the statistical significance was calculated using the
parametric one-way ANOVA followed by Tukey’s multiple
comparison post—hoc test. When data were consistent with a
Gaussian distribution, but SD values were not equal, the Brown
—Forsythe and Welch ANOVA test followed by Dunnett’s T3
multiple comparisons post—hoc test was performed. Data
inconsistent with a Gaussian distribution were analyzed using the
nonparametric Kruskal-Wallis test followed by Dunn’s multiple
comparison post—hoc test. The statistical significance of tumor
growth kinetics was calculated using the two—-way ANOVA
followed by Tukey’s multiple comparisons post—hoc test. The type
of statistical analysis used is described in the captions under the
figures. All statistically significant differences are presented in the
graphs in the form of symbols described in Table 1.

3 Results

3.1 Characteristics of genetically modified
DC-based vaccines

In the first stage of our research, we obtained mature bone
marrow-derived dendritic cells (DCs) capable of increased
production of interleukin: IL-12, IL-15 or IL-18 (DC/IL-12/TAg,
DC/IL-15/IL-15Ra/TAg; DC/IL-18/TAg). The appropriate gene for
each cytokine was introduced by transduction with lentiviral vectors.
Dendritic cells were stimulated with a tumor lysate (tumor antigens,
TAg) and harvested on the 8™ day of culture to determine their
phenotypic and functional characteristics. DCs transduced with the
control vector (DC/Vctrl/TAg) or non-transduced DCs (DC/TAg)
stimulated with TAg were used as a control (Figure 1A). We observed
a decrease in the percentage of CD11¢ " DAPI cells after transduction
with vectors carrying genes of the particular cytokines in relation to
the DC/TAg group (Figure 1B).

Phenotype analysis showed that the type of introduced gene
considerably affected the maturation of DCs. The expression of
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FIGURE 1

The influence of lentiviral transduction with il12, il15 and ilI5Ra or il18 genes on the phenotype of bone marrow-derived dendritic cells (DCs). (A)
Preparation schedule of genetically modified DCs. Cells were isolated from the long bones of mice and cultured for 6 days in the presence of GM-
CSF and IL-4. On day 7™, immature dendritic cells were transduced with cytokine genes and then stimulated with tumor antigens. On the 8" day of
culture, the level of differentiation of the developed vaccine cells was determined. Preparation schedule created with BioRender.com. (B) Percentage
of CD11c* cells on the 8" day of DC cultures. Expression of costimulatory molecules (C) CD40, (D) CD8O0, (E) CD86 and (F) MHC Il on the surface
of CD11c” cells. Results are presented as mean+SD calculated for 5-6 samples per group. Differences between groups were estimated using the
non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparisons post-hoc test (E), the parametric one-way ANOVA followed by Tukey's
multiple comparisons post-hoc test (C, D, F) or the parametric Brown-Forsythe and Welch ANOVA test followed by Dunnett's T3 multiple
comparisons post-hoc test (B). The asterisks (*) presented in the graphs indicate statistically significant differences between the given groups and the
DC/TAg control cells; crosses (X) indicate a statistically significant difference between the given group and the DC/Vctrl/TAg control cells —
(*/*p<0.05; **/*p<0.01; ***/**p<0.001; ****/***p<0.0001). IC - isotype control.
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CD40, CD80, CD86 costimulatory and MHC II molecules was
determined on the surface of these cells (Figures 1C-F). DCs
modified to cytokine production showed increased expression of
CD40 and CD80 molecules compared to cells transduced with the
control vector (DC/Vctrl/TAg) (Figures 1C, D). Compare to that
control, a significantly increased expression of CD86 molecules was
noticed after DC transduction with i15 and il18 genes (Figure 1E).
Whereas only slight differences in the expression of MHC II
molecules on the surface of these cells were observed (Figure 1F).
The highest expression of MHC II was found on the surface of DC/
IL-12/TAg and the lowest on DC/IL-18/TAg.

To assess the mutual influence of each overproduced cytokine on
the level of DCs differentiation and activation of the antitumor
response, all DC types were cultured for 48 hours in different
configurations. We tested the simultaneous effect of two (DC/IL-
12/TAg + DC/IL-15/IL-15R0/TAg; DC/IL-12/TAg + IL-18/TAg and
DC/IL-15/IL-15R0/TAg + DC/IL-18/TAg) or three (DC/IL-12/TAg
+ DC/IL-15/IL-15R0/TAg + DC/IL-18/TAg) cytokines on the DC
phenotype and induction of a specific cellular response (Figure 2).
Based on our former experience with using DCs as anticancer
vaccines, we have known that one of the essential parameters
affecting the effectiveness of the therapy is the number of injected
cells. Therefore, to determine the effect of DC modifications on their
antitumor activity we decided to apply the same number of cells to
every single injection regardless of the composition of the vaccines.
Thus, we tested control vaccines (DC/TAg and DC/Vctrl/TAg) and
vaccines consisting of DCs producing one cytokine — one-component
vaccine (DC/IL-12/TAg, DC/IL-15/IL-15R0/TAg, DC/IL-18/TAg), a
1:1 mixture of two types of DCs — two-component vaccine (DC/IL-
12/TAg + DC/IL-15/IL-15R0/TAg; DC/IL-12/TAg + IL-18/TAg and
DC/IL-15/IL-15R0/TAg + DC/IL-18/TAg), or a 1:1:1 mixture of
three types of DCs — three-component vaccine (DC/IL-12/TAg +
DC/IL-15/IL-15R0/TAg + DC/IL-18/TAg).

The highest concentration of introduced cytokines was noted in
cultures with DCs producing one cytokine (groups III, IV and V)
(Figures 2A-C). In two-component or three-component vaccines, a
reduced concentration of interleukins was observed, which was
related to the number of individual cytokine-producing cells in the
mixture. Despite this, in mixed cultures (groups VI-IX), a greater
influence of cytokines on changes in the phenotype of DCs than in
monocultures was observed. The highest expression of the CD40
molecule was demonstrated on the surface of DC/IL-18/TAg cells
and in a mixed culture of these cells with DC/IL-15/IL-15R0/TAg
and DC/IL-12/TAg + DC/IL-15/IL-15R0/TAg (Figure 2D). No
effect of cytokines on changes in the expression of the CD80 on
the surface of vaccine cells was observed (Figure 2E). However, a
slight increase in the expression of this molecule was shown in the
culture of transduced DCs compared to DC/TAg. This may suggest
that the presence of CD80 on the surface of transduced DCs is
related to viral rather than cytokine stimulation. The expression of
CD86 molecules was increased in the DCs mixed cultures, especially
in relation to cells transduced with the control vector (Figure 2F).
However, such an effect was not observed on the surface of one-
component vaccines. An increase in the level of MHC II expression
on transduced DCs in mixed cultures compared to the monoculture
was determined (Figure 2G).
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The DC ability to primary stimulate naive T cells and induce a
specific antitumor response was assessed in a 5-day co-culture of
splenocytes with all types of vaccine cells. Changes in the percentage
of CD8%, CD4" and NK cells, as well as their ability for
degranulation assessed by the expression of the CD107a molecule
on their surface, were determined. Moreover, we investigated the
ability of stimulated splenocytes to produce IFN-y and IL-10.

The largest population of splenocytes in co-cultures were CD8"
cells, which accounted for approx. 50% of all spleen cells stimulated
with DCs. An increase in the percentage of these cells was observed
when splenocytes were cultured with the three-component vaccine
in relation to co-culture with one-component vaccines and cells
modified with the control vector (Figure 2H). A decisive effect of
DC/IL-12/TAg or their mixture with other transductants was found
to increase the percentage of CD4" cells in the co-culture
(Figure 2I), and oppositely — a decrease in NK cell percentage was
revealed (Figure 2]). Among the CD8" cell populations, the highest
expression of the CD107a molecule was observed after splenocytes
contact with DCs overproducing IL-12, regardless of whether it was
produced alone or in combination with other cytokines (Figure 2K).
No significant differences in the size of the CD107a cell population
were observed among CD4™ cells (Figure 2L), while among NK cells
(Figure 2M) a statistically significant increase was observed when
splenocytes were co-cultured with DCs overproducing IL-12
(groups III, VI, VII and IX). Although increased production of
IFN-y (Figure 2N) and IL-10 (Figure 20) was detected in all groups
with DC/IL-12/TAg, the highest concentration of these cytokines
was observed after splenocyte stimulation with DC/IL-12/TAg and
DCs overproducing IL-15 or IL-18 (groups VI and VII).

The tested cellular vaccines were capable of secreting cytokines
whose genes have been introduced using a third-generation
lentiviral system. Although cellular vaccines consisting of
dendritic cell mixtures produced correspondingly smaller
amounts of particular cytokines, the effect of these combinations
revealed stronger stimulation of DCs. Thus, a preliminary
assessment of the effectiveness of DCs transduced with cytokine
genes and stimulated with TAg showed their significant effect on
inducing a specific cellular response in ex vivo conditions. Dendritic
cells overproducing IL-12 alone or in combination with other
cytokines could activate CD4", CD8", and NK cells, and
consequently, increase their ability to produce IFN-y and IL-10.
This indicates that this way prepared vaccines can be potent
inducers of the anticancer immune response.

3.2 The influence of DC-based vaccines on
tumor growth inhibition

In the next research stage, we determined whether, similarly to
in vitro conditions, the combination of transductants will cause a
better therapeutic effect manifesting the inhibition of tumor growth
than one-component vaccines administered in the same final
number of cells. In immunotherapeutic protocol, we decided to
precede the administration of cell-based vaccines with an
intraperitoneal injection of anti-IL-10R antibodies to make the
immune system cells insensitive to the adverse effects of IL-10
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FIGURE 2

Estimation of the transduction efficiency of dendritic cells with lentiviral vectors carrying sequences of il12, il15 and il15rec or il18 genes.
Concentration of (A) IL-12, (B) IL-15/IL-15Ra. and (C) IL-18 in supernatants collected on the 10" day of DC culture was measured using ELISA.
Expression of costimulatory molecules (D) CD40, (E) CD80, (F) CD86 and (G) MHC Il on the surface of CD11c* cells on the 10" day of DC
culture measured by flow cytometry. On the 8" day of the culture, dendritic cells and splenocytes were co-cultured for 5 days. After this time,
splenocyte activity after primary stimulation with genetically modified DCs was determined. Percentage of (H) CD8", (I) CD4*, and (J) NK cells
among activated splenocytes. Percentage of CD107a* cells among (K) CD8*, (L) CD4" and (M) NK cells. Concentration of (N) IFN-y and (O) IL-
10 in supernatants after co-cultured activated spleen cells with modified DCs, measured using ELISA assay. Results are presented as mean+SD
calculated for 6-12 samples per group. Differences between groups were estimated using the non-parametric Kruskal-Wallis test followed by
Dunn’s multiple comparisons post-hoc test (A—O). The asterisks (*) presented in the graphs indicate statistically significant differences between
the given groups and the DC/TAg control cells; crosses (X) indicate a statistically significant difference between the given group and the DC/
Vctrl/TAg control cells; asterisks (*) under the line indicate statistically significant differences between the given groups — (*/*p<0.05;
**%p<0.01; ***/**p<0.001; ****/***p<0.0001). IC, isotype control.
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produced in TME. This decision was based on our previous in vitro
observations that vaccine dendritic cells are able to activate the
splenocytes to produce the high IFN-y amount accompanied by IL-
10 secretion. Furthermore, after completing immunotherapy with
cellular vaccines supported with anti-IL-10R antibodies, we
conducted another chemoimmunotherapy experiment - in which
the previous immunotherapy was supplemented with the
administration of the HES-MTX nanoconjugate.

On the l6th, 23rd, and 30" day, mice were inoculated
intraperitoneally with anti-IL-10R antibodies (250 ug/mouse).
Day after (l7th, 24th, and 31°% day), cellular vaccines were
administered peritumorally (p.t.) (2x10° cells/mice). As control
cells, DC/TAg, and DC/Vctrl/TAg were used. On the 38t day,
the therapeutic effect of the treatment was determined (Figure 3A).
In the chemoimmunotherapy experiment, the protocol was
supplemented with an intravenous injection of HES-MTX (20
mg/kg b.w.) on the 14™ day of the experiment (Figure 3E).

Based on tumor volume measurements carried out during the
therapeutic experiments, tumor growth curves (Figures 3B, F), and
violin plots (Figures 3C, G) were prepared to determine the kinetics
of tumor growth. The efficacy of both therapies was estimated based
on relative tumor volume - the ratio of tumor volume on the day of
measurement to tumor volume on the day of randomization (day
13). This method of presentation depicted the tumor growth rate
relative to their initial volume and unified the differences between
individual therapeutic groups. Hence, on the 38" day of the
experiment, the degree of tumor growth inhibition (TGI) in the
therapeutic groups compared to the non-treated group was
calculated (Figures 3D, H).

The use of anti-IL10R antibodies in therapy inhibited the tumor
growth rate in relation to the group of non-treated mice (TGI
30.2%). Moreover, the application of anti-IL10R antibodies and
DC-based vaccines influenced the changes in tumor growth rate
and this effect depended on the type of applied vaccine. It should be
underlined that immunotherapy with one-component vaccines
resulted in the greatest inhibition of tumor growth rate compared
to the non-treated (nt) group (Figure 3D). The MC38 tumors
growth inhibition in these groups ranged from 49.5% (for DC/IL-
12/TAg) to 66% (for DC/IL-15/IL-15R0//TAg). The effect of the
two-component vaccines on TGI was weaker and an after the
application of anti-IL-10R antibodies and the three-component
vaccine, an ineffective treatment was shown.

In our previous studies, we found that using 20 mg/kg
b.w. of the HES-MTX nanoconjugate leads to beneficial
immunomodulation of the antitumor response (12). Therefore,
this chemotherapeutic agent was administered to enhance the
therapeutic effect of the herein used immunotherapy. The
extension of the therapeutic scheme with the use of the HES-
MTX prior to immunotherapy resulted in a strong increase in the
value of TGIL. The combined therapy resulted in the greatest
inhibition of tumor growth when the vaccine containing DC/IL-
15/IL-15R0/TAg and DC/IL-18/TAg cells (72.4%, group VIII) was
applied, whereas the use of the one-component vaccine (DC/IL-15/
IL-15Ro/TAg or DC/IL-18/TAg, group IV and V, respectively)
induced tumor growth inhibition on the level of 54.9% and 70.5%
respectively (Figure 3H). Nevertheless, the most surprising result of
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combined chemoimmunotherapy was obtained after the
administration of the three-component vaccine - supplementing
the treatment schedule with the HES-MTX nanoconjugate
administration resulted in an increase of TGI value to 69.9% in
contrast to 24.0%, which was observed in this group but in the
immunotherapeutic scheme of treatment.

Thus, our observations can suggest that the effect of the applied
immunotherapy depends not only on the amount of delivered
cytokines but also on their combination. Nonetheless, the
administration of the HES-MTX nanoconjugate facilitated the
enhancement of vaccine efficacy, even when the amount of
produced cytokines turned out too weak to contribute to the
therapeutic effect in the course of immunotherapy.

3.3 Leukocyte infiltration of tumor nodules
in applied therapies

Interested in the changes in the tumor growth rate between the
applied therapies, we decided to check their influence on leukocyte
infiltration into tumors. For this purpose, MC38 tumor nodules
were harvested on the 38" day of therapy and multiparameter
cytometric analyses were performed to identify myeloid and
lymphoid cell influxes (Figure 4A). Briefly, among alive
leukocytes (CD45"DAPT’), we determined the effect of the applied
therapies on changes in the percentage of lymphoid cells among
leukocytes such as lymphocytes T CD8 (CD3"CD8"), T CD4
(CD3"CD4"), Treg (CD3"CD4"CD25"FoxP3"), NK (CD3"
NK1.1%), NKT (CD3'NKI1.1%) and B lymphocytes (CD19").
There were also distinguished populations of the myeloid cells
(CD11b*) including DCs (CD11c*F4/80™MHC II*), TAMs
(CD11c'F4/80"), MDSCs (CD11cLy6C"), M1 (CD2067) and M2
(CD206") macrophages. Despite extensive cytometric analysis of
cells infiltrating tumor tissue, we did not observe significant
differences in all populations. Therefore we decided to discuss
only some of them in more detail.

After the application of immunotherapy, we observed a slight
increase in the percentage of leukocytes in tumor tissue obtained
from mice treated with DC-based vaccines, which was the highest
when DC/IL-12/TAg was used. (Figure 4B). However, based on
summary graphs presenting normalized data, we also visualized the
differences in individual subpopulations of leukocytes infiltrating
tumor tissue (Figure 4C).

The percentage of CD8" cells infiltrating tumor tissue increased
after the administration of cellular vaccines and anti-IL10R
antibodies. However, a statistically significant increase was
observed only after the use of DC/IL-12/TAg + DC/IL-18/TAg
(Figure 4D). Application of DC-based vaccines generated an
increase in the percentage of CD4" cells relative to the non-
treated (nt) and antibodies-treated (Ab) groups. A statistically
significant increase in the percentage of CD4" cells was observed
after the use of DC/IL-12/TAg and DC/IL-15/IL-15R0./TAg and
two-component vaccines (Figure 4E). At the same time, there was a
substantial reduction in the population size of regulatory T cells
among CD4" cells in tumor tissue. This decrease in the percentage
of Tregs was rather related to the use of DC-based vaccines,
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FIGURE 3

Growth of MC38 tumors in mice treated with immunotherapy or chemoimmunotherapy with nanoconjugate HES-MTX followed by multiple
injections of anti-1L-10R antibodies and DC-based vaccines. Treatment schedule of immunotherapy (A) and chemoimmunotherapy (E) created with
BioRender.com. (B, F) Graph presenting the growth kinetics of MC38 tumor (shown as relative tumor volume) in mice after immunotherapy or
chemoimmunotherapy (data was normalized). (C, G) Truncated violin plot presenting individual tumors volume and designated median tumor
volume for each group, calculated on the 38" day of the immunotherapy or chemoimmunotherapy experiment. Results are presented as median for
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non-treated group (nt). Differences between groups were estimated using the two—way ANOVA followed by Tukey's multiple comparisons post-hoc
test (B, E) or nonparametric Kruskal-Wallis test followed by Dunn’s multiple comparisons test (C, G). The asterisks (*) presented in the graphs
indicate statistically significant differences between the given groups and the non-treated control group (nt); hashtags (#) above a bar indicate a
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FIGURE 4

Influence of applied immunotherapy or chemoimmunotherapy on MC38 tumor nodules infiltration with leukocytes. (A) Scheme of the
multiparameter flow cytometric analysis of lymphoid and myeloid cells in tumor tissue. (B, H) Percentage of live CD45" cells in tumor tissue.
Percentage of (C, 1) each leukocyte population, (D, J) CD8*, (E, K) CD4", (G, M) NK cells among CD45" cells in tumor. (F, L) Percentage of T
regulatory lymphocytes among CD4" cells in tumor tissue. Results are presented as mean+SD calculated for 3-7 mice per group. Differences
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regardless of the ability of DCs to overproduce cytokines
(Figure 4F). We also observed a slight reduction in the percentage
of NK cells after the administration of DC-based vaccines consisted
of more than one type of produced cytokines (groups VI-
IX) (Figure 4G).

After chemoimmunotherapy, a slight reduction in the leukocyte
population size was noted in all therapeutic groups (Figure 4H). The
lowest percentage of CD45" cells was found after using DC/IL-12/
TAg (group III). In addition, there were substantial differences
between the effects of different types of vaccines on TAM, M1, M2,
CD4+, CD8+, and NK cell population sizes (Figure 4I).

A statistically significant increase in the percentage of CD8"
cells was observed as a result of chemoimmunotherapy containing a
mixture of DCs overproducing IL-15 and IL-18 (group VIII) or all
three tested cytokines (group IX) in relation to control groups
(groups nt, H-M) and one-component DC-based vaccines.
Furthermore, a slight increase in the size of the CD8" cell
population was observed after the administration of DC/IL-12/
TAg + DC/IL-18/TAg (group VII) (Figure 4]). The high percentage
of CD4" cells in tumor tissue was always observed when DC-based
vaccines were applied (Figure 4K). In both T lymphocyte
subpopulations, using the nanoconjugate prior to immunotherapy

10.3389/fimmu.2023.1212606

was the most conducive to the effect of two or three-component
vaccines. The administration of the chemotherapeutic agent did not
enhance the effect of the immunotherapy on changes in the size of
Treg cell population (Figure 4L). Meanwhile, an increase in the
percentage of NK cell population was visible, especially in groups I,
I1, IIT and VII (Figure 4M).

In the case of the immunotherapeutic treatment schedule, the
applied DC-based vaccines did not cause significant changes in the
percentage of myeloid cells in tumor tissue. Although there was no
effect of this therapy on changes in the size of the TAM population
(Figure 5A), we observed differences in their activation level. Based
on the ratio of TAM MHC II"®" to TAM MHC II'*", we found that
in the groups receiving cellular vaccines, TAMs with high
expression of MHC II were slightly dominated and the highest
value of this ratio was observed after the administration of a two-
component DC vaccine containing DC/IL-12/TAg and DC/IL-18/
TAg (Figure 5B). Besides, analyzing the effect of therapy influences
on macrophage influx, we observed an increased M1 to M2
macrophage ratio in the groups receiving two-component and
three-component DC vaccines (Figure 5C).

The combined therapy with the use of the HES-MTX
nanoconjugate induced statistically significant changes in the
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Evaluation of macrophage polarization in MC38 tumor tissue after immunotherapy or chemoimmunotherapy. Scheme of the multiparameter flow
cytometric analysis of macrophage subpopulation in MC38 tumor nodules obtained from mice after immunotherapy or chemoimmunotherapy is
shown in Figure 4A. (A, D) Percentage of TAM among CD45" cells in tumors. (B, E) TAM MHC [I"9"/TAM MHC 1I'°* and (C, F) M1/M2 ratios showing
the polarization of TAMs in MC38 tumor tissue. Results are presented as mean+SD calculated for 3-7 mice per group. Differences between groups
were estimated using the non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparisons post-hoc test (E) or the parametric one-way
ANOVA followed by Tukey's multiple comparisons post-hoc test (B, D, F). The asterisks (*) presented in the graphs indicate statistically significant
differences between the given groups and the non-treated control group (nt); hashtags (#) above a bar indicate a statistically significant difference
between the given group and the HES-MTX treated group (H-M); crosses (X) indicate a statistically significant difference between the given group
and the DC/Vctrl/TAg treated group; asterisks (*) under the line indicate statistically significant differences between the given groups — (*/*p<0.05;
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TAM percentage relative to the non-treated or the chemotherapeutic
treated groups (Figure 5D). The highest value of the TAM MHC
11"8"/TAM MHC II'™ ratio was shown after the administration of
chemoimmunotherapy containing two or three-component vaccines
comprising DC/IL-12/TAg (Figure 5E). On the other hand, the
highest value of the M1/M2 ratio was demonstrated after therapy
with HES-MTX, anti-IL-10R and DC/IL-12/TAg + DC/IL-15/IL-
15Ra/TAg (Figure 5F).

The use of the HES-MTX nanoconjugate before
immunotherapy created optimal conditions for the effective
action of cell-based vaccines. The most favorable effect was
observed in the groups receiving dendritic cell mixtures, especially
the three-component vaccine.

3.4 Influence of multicomponent
treatment on systemic antitumor response

To confirm the assumption that the enhancement of
the effect of both multicomponent immunotherapy and
chemoimmunotherapy depends mainly on the use of DCs
mixtures, we assessed their effect on the activity of systemic
antitumor response. For this purpose, on the 38" day of both
therapies’ spleens from treated tumor-bearing mice were harvested
and restimulated with MC38 cells in a 5-day mixed culture. Next,
multiparameter cytometric analyses were performed among alive
splenocytes (CD45"DAPI'), to identify changes in the percentage
of CD8", CD4" and NK cells as well as their ability to secrete
cytolytic granules based on the expression of the CD107a
molecule (Figure 6A).

There was no significant change in the size of the CD8" cell
population among restimulated splenocytes obtained from mice
after immunotherapy with cytokine-secreting DC-based vaccines
(Figure 6B). Solely after the application of anti-IL-10R and DC/TAg
(group I) the percentage of these cells was significantly lower than in
the untreated group. An increase in the percentage of CD4" cells
was seen after treatment with cellular vaccines, especially after
administration of DC/IL-12/TAg + DC/IL-15/IL-15Ra/TAg and
DC/IL-12/TAg + DC/IL-18/TAg (Figure 6C). However, after the
application of all cell-based vaccines, there was a reduction in the
percentage of NK cell population (Figure 6D). The applied therapy
did not significantly change the percentage of CD107a" cells among
CD8" cells (Figure 6E) and NK cells (Figure 6G) in comparison to
their controls. Meanwhile, the ability to release cytolytic granules
increased among CD4" cell populations, turn to be related to the
anti-IL-10R antibodies administration (Figure 6F).

The supplementation of treatment with the HES-MTX
nanoconjugate caused a reduction in the percentage of CD8"
cells, especially after DC/Vctrl/TAg (group II), DC/IL-12/TAg
(group III), and DC/IL-15/IL-15R0/TAg (group IV). However,
the visible increase in the percentage of this population in
relation to DC/Vctrl/TAg occurred after the administration of
DC/IL-12/TAg + DC/IL-18/TAg (group VII) vaccines
(Figure 6H). The administration of combined therapy with
cytostatic caused an increase in the percentage of CD4" cells, like
immunotherapy, but the changes concerned other therapeutic
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groups. This cell population’s size increased after the DC/Vctrl/
TAg (group II) and DC/IL-12/TAg (group III) vaccines. An
enhanced effect of DC/IL-15/IL-15Ra/TAg and the three-
component vaccine on the population of restimulated splenic
CD4" cells (Figure 6I) was also observed. The administration of
the chemotherapeutic agent and DC-based vaccines supported with
anti-IL-10R antibodies deepened the reduction in the percentage of
NK cells in relation to immunotherapy alone (Figure 6]). The effect
of the applied chemoimmunotherapy on the size of the cell
subpopulations able to release cytolytic granules was also
revealed. The lowest ability to secrete cytolytic granules was
found in CD8" cells obtained from mice treated with HES-MTX
+ anti-IL-10R + DC/Vctrl/TAg (Figure 6K). In contrast, among
CD4" cells, the highest cytolytic activity was observed in the group
of mice receiving dendritic cells modified to overproduce IL-15/IL-
15Ra (Figure 6L). The size of NK CD107a" population increased in
all groups receiving DC-based vaccines in relation to control groups
(groups: nt, H-M and Ab) (Figure 6M).

Comparison of both therapies harnessing schedules, including
treatment with antibodies, and/or additional supplementation with
HES-MTX, resulted in marked differences compared to the non-
treated group. The use of cytostatic agent deepened variations
among particular groups and enhanced the mixture effect of the
DC-based vaccines, especially these three-component.
Consequently, such a multicomponent combination enhanced the
systemic activity of main populations of immune cells.

As confirmation of the potential for antitumor activity, the
ability of restimulated splenocytes to produce cytokines and their
cytotoxic activity against MC38 cells was examined. In the case of
immunotherapy, splenocytes obtained from mice treated with DC/
IL-12/TAg were able to produce the highest amount of IFN-y
(Figure 7A). The highest production of IL-4 was noted after the
application of the therapy consisted of DC/IL-15/IL-15Ro/TAg
(group 1V) and DC/IL-12/TAg + DC/IL-15/IL-15R0/TAg (group
VI) (Figure 7B). In contrast, increased production of IL-10 by
splenocytes was shown in the groups of mice treated with DC-based
vaccines, as well as anti-IL-10R antibodies alone (Figure 7C). The
highest cytotoxic activity of splenocytes against MC38 cells
(Figure 7D) was observed in all groups treated with DC-based
vaccines, especially after the application of DC/TAg (group I), DC/
IL-15/IL-15/Ro/TAg (group 1V) and the three-component vaccine
(group IX).

The use of the HES-MTX nanoconjugate prior to
immunotherapy strongly changed the type and level of cytokine
production by splenocytes causing an increase in their ability to
produce IFN-y (Figure 7E). Thus, while the production level of this
cytokine did not change markedly after the administration of DC/
IL-12/TAg alone, the splenocyte’s ability to produce IFN-y
increased after the use of DCs mixed cultures, especially in DC/
IL-12/TAg + DC/IL-18/TAg group (group VII). The HES-MTX
nanoconjugate also influenced changes in the production of IL-4 by
spleen cells obtained from mice after therapy. The highest ability to
produce IL-4 was characterized by splenocytes obtained from mice
treated with combination therapy with DC/IL-15/IL-15R0/TAg
(group IV), DC/IL-15/IL-15Ro/TAg + DC/IL-18/TAg (group
VIII) and three-component vaccine (group IX) (Figure 7F).
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FIGURE 6
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(B, H) CD8*, (C, 1) CD4", and (D, J) NK cells among restimulated splenocytes. Percentage of CD107a* cells among (E, K) CD8", (F, L) CD4" and (G,
M) NK cells. Results are presented as mean+SD calculated for 3-7 mice per group. Differences between groups were estimated using the non-
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multiple comparisons post-hoc test (B, D, F, H—=M). The asterisks (*) presented in the graphs indicate statistically significant differences between the
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Splenocytes obtained from mice which were treated with vaccines
containing DCs showed a decrease in IL-10 production which
suggest the influence of the HES-MTX nanoconjugate on the
prolongation of the decrease of suppressor cell activity
(Figure 7G). The addition of the nanoconjugate involved a slight
increase in the splenocytes’ cytotoxic activity compared to
immunotherapy. However, it depended on the type of vaccine
and did not reveal which modified dendritic cell mixtures should
be considered the most powerful (Figure 7H).
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The observed changes in the systemic anticancer response
confirm that the use of the HES-MTX chemotherapeutic agent
has the most beneficial action on the cellular vaccines that are a
mixture of two or three transductants. In these groups, an increase
in IFN-y and a decrease in IL-10 production, as well as an
enhancement in the cytotoxic activity of restimulated splenocytes
are particularly visible.

The use of the developed vaccines in anticancer therapy in
combination with anti-IL-10R antibodies and/or a chemotherapeutic
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agent influenced both the changes in the tumor microenvironment
and the activation of the systemic immune response. Both the
antibodies and the chemotherapeutic administered prior to DC-
based vaccines created a favorable microenvironment in which the
vaccines were characterized by different mechanisms of action
(Figure 8 and Supplementary Tables 1-4) mainly representing the
effect of overproduced cytokines. By virtue of the use of each of the
developed vaccines, the percentage of Treg lymphocytes in both
immuno- and chemoimmunotherapy decreased. The supplement of
the cellular vaccines treatment with the HES-MTX nanoconjugate
affected the enhanced tumor growth inhibition, with the exception of
the DC/IL-15/IL-15Ro/TAg.

In the immunotherapy, the DC/IL-12/TAg mainly increased the
influx of CD8", CD4" and NK cells to tumor nodules, which was

10.3389/fimmu.2023.1212606

accompanied by a decrease in the population of Treg and TAMs
and an increase in IFN-y production and cytotoxic activity of
splenocytes. The addition of HES-MTX agent had a positive effect
primarily on the systemic immune response. The use of DC/IL-15/
IL-15R0/TAg increased the influx of CD4" and NK cells into
tumors. The potential of splenocytes to release cytolytic granules
by CD8" and CD4" cells, IL-10 production and cytotoxic activity
also increased. Meanwhile, supplementation of the immunotherapy
schedule with nanoconjugate did not favorably affect the effect of
this vaccine in tumor tissue, resulting in a reduction of CD4" and
NK cell percentage. In addition, a decrease in the percentage of
CD8" cells and no change in the cytotoxic activity of this cell
subpopulation among the restimulated splenocytes was observed.
However, this treatment resulted in an increase in the percentage of
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CD4"CD107a", NK CD107a" cells, IL-4 production and cytotoxic
activity. Dendritic cells overproducing IL-18 mainly affected the
percentage reduction of Treg lymphocytes, NK cells, M1/M2 and
TAM MHC II"¢"/TAM MHC II'" ratios in tumors, while the
population of CD8"CD107a" and NK CD107a" cells and cytotoxic
activity of splenocytes increased. The therapy combined with
nanoconjugate caused the reduction of TAM percentage.
Although among the restimulated splenocytes the percentage of
cells capable of releasing cytolytic granules and production of IL-10
decreased, the production of IFN-v increased.

In immunotherapy, all two-component vaccines caused a
reduction of TAMs and NK cell populations in tumors, but a
higher percentage of CD8"CD107a" cells was observed among
restimulated splenocytes. During immunotherapy, the DC/IL-12/
TAg + DC/IL-15/IL-15R0/TAg vaccine increased the percentage of
CD4" cells and the M1/M2 macrophages ratio in tumors, while the
percentage of CD8" cells, Treg, NK and TAMs decreased. Among
the splenocytes, a higher percentage of CD4", CD8*CD107a" and
NK CD107a" cells, production of IFN-y and IL-10 and cytotoxic
activity were observed. During chemoimmunotherapy, only the
M1/M2 ratio remained at an increased level and a high TAM
MHC 118"/ TAM MHC II'™ ratio was observed. Among
splenocytes, in addition to a decrease in the population of NK,
CD8*CD107a*, CD4"CD107a"cells, an increase in the production
of IFN-y, IL-10 and cytotoxic activity was revealed. Administration
of DC/IL-12/TAg + DC/IL-18/TAg resulted in an augmented influx
of CD4" and CD8" cells into the tumors and growth of M1/M2 and
TAM MHC I1"8"/TAM MHC II'" ratios. Among the splenocytes,
an increase in the percentage of CD4" cells and cytolytic activity of
CD8" and NK cells was observed, as well as higher production of
IFN-y and a decrease in the production of both IL-4 and IL-10,
which could have enhanced the cytotoxic activity of splenocytes.
The addition of the chemotherapeutic intensified the influx of NK
cells, but the M1/M2 ratio decreased. In the spleens, an increase in
the percentage of CD8" cells was observed, with a simultaneous
reduction of CD4" cell percentage. During immunotherapy, a
vaccine combining DC/IL-15/IL-15R0/TAg and DC/IL-18/TAg
induced tumor growth inhibition of 41.7%, which may be the
result of the influx of CD4" cells with a simultaneous reduction
in the percentage of tumor suppressor Tregs and TAMs. However,
this vaccine induced a decrease in the percentage of CD8" and NK
cells. Among the splenocytes, a decrease in the percentage of NK
cells and a higher percentage of CD8"CD107a" cells were observed.
The addition of the chemotherapeutic agent resulted in this vaccine
eliciting the highest tumor growth inhibition (72.4%), which may
have been due to the additional influx of CD8 lymphocytes and the
increase in the TAM MHC IT"'" to TAM MHC II'°" ratio, while the
overall TAM cell population, Treg, M1/M2 ratio decreased. In
restimulated splenocytes, an increased percentage of CD8" and
NK cells capable of releasing cytolytic granules was observed, and in
addition, these cells were capable of high IFN-y and IL-10
production and were characterized by high cytotoxic activity.

The three-component vaccine DC/IL-12/TAg + DC/IL-15/IL-
15R0/TAg + DC/IL-18/TAg during immunotherapy showed a
negligible therapeutic effect. Inhibition of tumor growth was only
24%, and we did not observe an increased influx of CD4* and CD8"
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cells in tumors, but a higher M1/M2 macrophage ratio and a
decrease in the percentage of Treg, NK cells and TAMs. In the
spleens, a reduction of CD4", NK, NK CD107a" cell percentage and
IL-4 production was revealed, while an increase in the percentage of
CD8"CD107a" cells and cytotoxic activity was observed. However,
the addition of the HES-MTX nanoconjugate to the therapy
resulted in enhanced tumor inhibition (69.9%), an augmented
influx of CD8", CD4" cells, and a higher TAM MHC "sY TAM
MHC II'°V ratio in a tumor, at the same time reducing the
percentage of Treg, M1/M2 ratio and TAMs. On the other hand,
in the spleens, we observed an increase in the cytolytic activity of
CD4", CD8" and NK cells, an increase in the production of IFN-y
and IL-4 and cytotoxic activity.

4 Discussion

The main aim of our study was to determine whether the
administration of HES-MTX before immunotherapy would change
the antitumor effect of dendritic cells modified for overproduction
of IL-12, IL-15, or IL-18. As numerous literature reports showed a
beneficial effect resulting from the combination of different
cytokines we decided to apply a combination of modified cells
(39-41). Furthermore, DC-based therapy was enriched with
components able to reduce the hostile impact of TME on applied
vaccines. For this purpose, we used antibodies directed against the
IL-10R receptor, which should partially block the negative effect of
IL-10 on the cells of the immune system (23, 42) and HES-MTX as
an immunomodulatory chemotherapeutic agent.

We started our research by characterizing the obtained
dendritic cell transductants. Modification of DCs with a lentiviral
control vector (DC/Vctrl/TAg) caused a short-term reduction in the
expression of costimulatory molecules CD40, CD80, CD86, and
MHC II, which is consistent with the research of French scientists
(43). However, cytokines’ action abolished the transduction’s
negative effect. Compared to monocultures, the increased
expression of costimulatory molecules and MHC II was observed
on the two-component cellular vaccines. Nevertheless, three-
component vaccines revealed the highest maturity despite the
lowest production of single cytokines. It showed that the
cooperation of these cytokines might potentiate DC activity,
which confirmed reports, that the presence of proinflammatory
cytokines in the environment of DCs allows for achieving a higher
degree of cell maturity than after activation with TAg alone (37).
Many works showed the influence of IL-12, IL-15, or IL-18 on
changes in the surface phenotype of dendritic cells (44-47).
However, none of them tested the effect of these three
cytokines simultaneously.

As part of the functional characterization of the vaccine cells,
the ability of transduced TAg-stimulated DCs to activate
splenocytes was assessed. Among the splenocytes from co-culture,
changes in the percentage of CD4", CD8", NK, and CD107a" cells
were determined, as well as the production of IFN-y and IL-10. The
CD8" and NK cells cultured in the presence of DCs modified to
overproduce IL-12 were characterized by the greatest ability to
secrete cytolytic granules, regardless of whether DCs were used as a
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monoculture or in combination with other cytokines. Notably, the
activation level of CD8" and NK cells was similar in each of these
mixtures. However, splenocytes cultured with DC/IL-12/TAg +
DC/IL-15/IL-15Ra/TAg or DC/IL-12/TAg + DC/IL-18/TAg had
the highest potential for IFN-y secretion. This observation is
consistent with numerous studies showing the synergistic effect of
IL-12 and IL-18 or IL-15 on IEN-y production (48-50). Moreover,
Martinovic et al. showed that simultaneous stimulation by IL-12
and IL-18 induced an increase in the cytotoxic activity of NK cells
and expression of CD107a on their surface, as well as IFN-y
production, than independent stimulation (51).

We used the tested cellular vaccines in two experiments -
immunotherapeutic and chemoimmunotherapeutic. In the
immunotherapeutic part, antibodies blocking the IL-10 receptor
were administered to mice prior to the application of cellular
vaccines. This was conducted due to reports that in cancer
patients elevated IL-10 levels are associated with a poorer
prognostic (52, 53). Moreover, Llopiz et al. observed that IL-10
induced in DCs less mature phenotype and decreased T-cell
activation capacity (54). Therefore, it seems justified to use
antibodies blocking the IL-10 receptor to abolish the negative
impact of this cytokine on all immune cells.

The applied therapies based on dendritic cells caused an
increase in the percentage of CD4" and CD8" cells among cells
infiltrating tumor tissue and a simultaneous decrease in the
percentage of Treg cells among CD4" lymphocytes. Although
literature data indicate the influence of IL-12, IL-15 and IL-18 on
the increase in the percentage of NK cells (55), we did not observe
such changes in our studies. It should be emphasized that in the
data presented by Oka et al. study recombinant cytokines were used
in high doses. In our research, dendritic cells were used as producers
of these cytokines, which released them over a long period, but in
lower concentrations.

The use of the HES-MTX nanoconjugate before administration
of the immunotherapy enhanced the therapeutic efficacy of the
vaccines, especially those three-component. In the case of
immunotherapy alone, the use of a three-component vaccine did
not significantly inhibit tumor growth (24.0% TGI), while the
addition of cytostatic affected its effectiveness (69.9% TGI). It
should be highlighted that the three-component vaccine showed
the highest anti-cancer potential in in vitro studies. This may
indicate that ability of these types of DC-based vaccines to trigger
effective anti-tumor immune response has been diminished by a
hostile tumor microenvironment. HES-MTX alone resulted in a
26.9% inhibition of tumor growth. As literature has shown, other
methotrexate-based chemotherapeutics, such as glucose-
methotrexate conjugate (GLU-MTX) and hydroxyethyl cellulose-
methotrexate (HEC-MTX) also caused significant tumor growth
delay in vivo in breast cancer-bearing mice (56, 57).

The inclusion in the therapy of a chemotherapeutic agent
further reduced the percentage of TAMs in the groups receiving
anti-IL-10R antibodies and cellular vaccines, especially those
capable of releasing cytokines. The reduction of TAMs is a good
prognostic marker because these cells can promote tumor
progression by producing factors and cytokines that support
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tumor cell proliferation (58). The decrease in the TAM
percentage observed after chemoimmunotherapeutic treatment
should be related to the immunomodulatory potential of the
HES-MTX, which we have already confirmed in our previous
work (12). We had shown, that on the third day after the HES-
MTX administration, the percentages of cells with suppressor
activity (such as TAMs, Tregs) had decreased while the
infiltration of CD8" and NK cells into MC38 tumor tissue had
increased. Thus, we postulate, that application of the HES-MTX
created the optimal tumor milieu for DCs applied p.t., which were
capable of generating an efficient antitumor immune response in
such an environment. In turn, this contributed to the further
decrease in the TAM percentage and an increased influx of
effector lymphocytes (CD8", NK cells) into MC38 tumor tissue.
In addition, the level of MHC II expression may indicate changes in
tumor progression. The population of TAM MHC II™&" s
associated with the early phase of tumor development and tumor
suppression, whereas TAM MHC class II'°" dominates as the tumor
progresses (5). Our research showed an increase in the TAM MHC
11"€"/TAM MHC II'" ratio caused primarily by the effect of cell-
based vaccines, especially two- or three-component vaccines.

In particular, it should be emphasized that the supplementation
of immunotherapy with the administration of the HES-MTX
significantly influenced the activation of the systemic anticancer
response. The use of the chemotherapeutic or anti-IL-10R
antibodies alone did not affect the degree of activation of
restimulated splenocytes. However, the use of two- or three-
component vaccines secreting, among others, IL-12, increased the
percentage of cells capable of releasing cytolytic granules, compared
to the vaccine based on dendritic cells modified with the control
vector. The highest cytotoxic activity was found in restimulated
splenocytes obtained from mice that received immuno- and
chemoimmunotherapy based on two- and three-component
vaccines, however, chemoimmunotherapy induced increased
production of IFN-y.

To sum up, the use of the HES-MTX nanoconjugate prior to
immunotherapy involving multiple administrations of anti-IL-10R
antibodies and DC-based vaccines capable of overproducing
proinflammatory cytokines IL-12, IL-15 or IL-18 created optimal
conditions for the effective action of these vaccines in mouse
colorectal cancer. Of these, two- or three-component vaccines
revealed the greatest potential for use in anticancer therapy
characterized by the highest level of expression of costimulatory
molecules and MHC II. The applied chemoimmunotherapy caused
the highest inhibition of tumor growth in the group receiving DC/
IL-15/IL-15R0/TAg + DC/IL-18/TAg at the level of 72.4%. But
HES-MTX also enhanced the activity of the three-component
vaccine leading to 69.9% inhibition of tumor growth in course of
chemoimmunotherapy, compared to 24.0% in immunotherapy
alone. A decrease in the percentage of Treg cells was observed in
both applied therapeutic schedules. Apart from this,
chemoimmunotherapy using DC-based vaccines induced an
increase in NK cell infiltration into the tumor and a decrease in
the percentage of TAM. Nevertheless, the highest ratio of TAM
MHC 11" to TAM MHC II'™ was noticed when mice received
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two- or three-component vaccines. The use of dendritic cells as
vaccines increased cytotoxic activity in both experiments, but the
highest ability to both kill tumor cells and produce IFN-y was found
in splenocytes obtained from mice receiving two- or three-
component vaccines in chemoimmunotherapy.

5 Conclusions

In chemoimmunotherapy, two- or three-component vaccines
had the greatest potential, even though individual cytokines were
produced in smaller amounts than in a single-component vaccine.
Their use resulted in the greatest inhibition of tumor growth and
effective response of immune cells. The obtained results suggest that
the developed chemoimmunotherapy may have a promising
application in anticancer therapy.
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Prognostic nutritional index
as a prognostic biomarker
for gastrointestinal cancer
patients treated with immune
checkpoint inhibitors

Lilong Zhang™?, Wangbin Ma"?*', Zhendong Qiu**,
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and Weixing Wang**
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Objective: Our study represents the first meta-analysis conducted to evaluate
the prognostic utility of the baseline prognostic nutritional index (PNI) in patients
with gastrointestinal cancer (GIC) who received immune checkpoint inhibitor
(ICl) therapy.

Methods: We searched PubMed, the Cochrane Library, EMBASE, and Google
Scholar until April 23, 2023, to obtain relevant articles for this study. Our analysis
examined several clinical outcomes, including overall survival (OS), progression-
free survival (PFS), objective response rate (ORR), and disease control rate (DCR).

Results: In this analysis, a total of 17 articles with 2883 patients were included.
Our pooled results indicated that patients with high PNI levels had longer OS (HR:
0.530, 95% ClI: 0.456-0.616, p < 0.001) and PFS (HR: 0.740, 95% ClI: 0.649-0.844,
p < 0.001), as well as higher ORR (OR: 1.622, 95% Cl: 1.251-2.103, p < 0.004) and
DCR (OR: 1.846, 95% Cl: 1.428-2.388, p < 0.001). Subgroup analysis showed that
PNI cutoff values of 40 to 45 showed greater predictive potential. Subgroup
analysis also confirmed that the above findings still hold true in patients with
esophageal cancer, gastric cancer, and hepatocellular carcinomas.

Conclusion: The PNI were reliable predictors of outcomes in GIC patients
treated with ICls.

KEYWORDS

prognostic nutrition index, immune checkpoint inhibitors, gastrointestinal cancers,
esophageal cancer, gastric cancer, hepatocellular carcinoma
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1 Introduction

Approximately one-fourth of all cancer cases and one-third of
all cancer-related deaths worldwide can be attributed to
gastrointestinal cancers (GIC) (1). Systemic therapy remains the
cornerstone of treatment for patients with locally advanced or
metastatic GIC (2). However, there is a critical need for strategies
to reduce metastasis and improve survival. The introduction of
immune checkpoint inhibitors (ICIs) over the past five years has
resulted in significant advances in the treatment of advanced GIC
patients, achieving durable antitumor immune responses and
improvements in overall survival (OS) (3-5). But because of the
low response rate, scientists are looking for new potential
biomarkers that can predict treatment outcomes (3, 6). The
identification of well-characterized and predictive biomarkers
would facilitate personalized treatment selection based on the
anticipated efficacy of therapy and avoid the cost of
ineffective treatment.

Numerous studies have demonstrated the relationship between
nutritional status and cancer prognosis (7-11). Patients with GIC
are particularly affected by nutritional status due to their anatomical
features (12). The prognostic nutrition index (PNI) is an index that
utilizes the levels of serum albumin and peripheral blood
lymphocyte count, initially created to forecast the probability of
postoperative complications in surgical patients by evaluating their
nutritional status before the operation (13). Recent studies have
demonstrated the high accuracy of PNI in predicting treatment
outcomes for various cancers, especially GIC (14, 15). Immune
system function plays a critical role in the efficacy of ICIs, and the
levels of serum albumin and lymphocytes are significant indicators
of immune system function.

Notably, the association between PNI levels and the prognosis
of GIC patients treated with ICIs remains controversial, and no
meta-analysis has been conducted to date. Hence, the aim of this
study was to systematically evaluate the predictive value of PNT in
ICI-treated GIC patients. The findings of this study can aid in
developing effective treatment strategies that facilitate the
administration of precise, cost-effective treatments with minimal
adverse effects.

2 Methods
2.1 Literature search strategies

The analysis performed in this study was conducted following
the guidelines of the PRISMA statement (16). On April 23, 2023, a
comprehensive literature search was carried out using PubMed,
EMBASE, and the Cochrane Library. Various search terms,
including MeSH terms and keywords, were used to retrieve
relevant studies, such as “Immune Checkpoint Inhibitors
[MeSH]”, “PD-1 Inhibitors”, “PD-L1 Inhibitors”, “CTLA-4
Inhibitors”, “Pembrolizumab”, “Nivolumab”, “Atezolizumab”,
“Ipilimumab”, “Avelumab”, “Tremelimumab”, “Durvalumab”,
“Cemiplimab”, “Prognostic Nutritional Index”, “PNI”. Search
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restricted to English literature. A detailed description of the
search strategies is provided in Table SI. Additionally, gray
literature was searched using Google Scholar, and the reference
lists of eligible studies were screened manually.

2.2 Inclusion and exclusion criteria

In our study, we strictly included research articles that met the
following criteria: patients who were diagnosed with GIC
underwent treatment with ICIs, and the prognostic value of PNI
was evaluated. Furthermore, these articles reported on at least one
of the following outcomes: overall survival (OS), progression-free
survival (PFS), objective response rate (ORR), and disease control
rate (DCR). We excluded conference abstracts, comments, and case
reports from our analysis. In situations where studies had
overlapping patients, we prioritized those with the most
comprehensive data and robust methodology (3).

2.3 Data extraction and quality assessment

In this study, we gathered diverse information from the chosen
articles, including the names of the authors, year of publication,
duration and location of the study, drugs used for treatment, cancer
type, sample size, patient age and gender, and relevant cut-off values
and outcomes. We placed greater emphasis on obtaining data from
multivariate analyses of hazard ratios (HR) compared to univariate
analyses. We also employed the Newcastle-Ottawa Scale (NOS) to
appraise the quality of observational studies and classified those
with a NOS score of 6 or above as high-quality literature (17). All of
the above steps were completed and cross-checked independently
by two authors, with decisions sought from the corresponding
author on points of dispute.

2.4 Statistical methods

Statistical analyses were performed using Stata 15.0 software. To
assess heterogeneity, we utilized the chi-squared test. We employed
a random effects model when the p-value < 0.1 or the I” statistic was
> 50%, and a fixed effects model otherwise. We estimated
publication bias using both Egger’s and Begg’s tests, and if bias
was detected, we utilized the “trim and fill” method to evaluate the
influence of the bias on the pooled results. Furthermore, we
conducted a sensitivity analysis by excluding each study
independently to assess the robustness of the results. p < 0.05 was
considered statistically significant.

3 Results
3.1 Characteristics of studies

After excluding duplicates and screening titles and abstracts, we
identified 25 articles for full-text evaluation, among which 17 met
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the eligibility criteria, resulting in a total of 2883 patients (18-34).
The PRISMA flowchart in Figure 1 depicts the study selection
process. Table 1 provides a comprehensive overview of the
characteristics of the eligible studies. We assessed the risk of bias
using the Newcastle-Ottawa Scale (NOS), with scores ranging from
6 to 8, indicating a low risk of bias in all included studies. Of the 17
studies, 16 were retrospective, and one was prospective. Four studies
were in esophageal squamous cell carcinoma (ESCC) patients; five
studies were in gastric cancer (GC) patients; and four studies were
in hepatocellular carcinoma (HCC) patients. In addition, there
is one study on esophageal cancer (EC) patients, one study
on intrahepatic cholangiocarcinoma (ICC) patients, one study on
upper gastrointestinal cancer (UGIC) patients and one study on
biliary tract cancers (BTC) patients.

3.2 Baseline PNI levels and OS

Through the analysis of data from 14 studies with 2293 patients,
we aimed to explore the correlation between PNI levels and OS in
ICI-treated GIC patients. Considering no significant heterogeneity
across the studies (I* = 33.2%, p = 0.109), we employed a fixed-
effects model to estimate the pooled HR. The results revealed that
high PNI levels were significantly related to longer OS (HR: 0.530,
95% CI: 0.456-0.616, p < 0.001), as depicted in Figure 2.

We performed a subgroup analysis based on cancer type, cut-off
values, and the Cox model. We found that a high PNI was
associated with a better prognosis in patients with EC, GC, HCC,
or BTC (Figure 3). Differences in PNI cutoff values do not affect the

10.3389/fimmu.2023.1219929

correlation between PNI and OS in ICI-treated GIC patients
(Figure 4). Both univariate and multivariate analyses confirmed
the above findings (Figure S1).

3.3 Baseline PNI levels and PFS

We also investigate the correlation between PNI and PES in GIC
patients treated with ICIs using data from 12 studies with 1733
patients. We demonstrated that patients with high PNT levels had a
lower risk of progression (HR: 0.740, 95% CI: 0.649-0.844, p < 0.001,
Figure 5). No significant heterogeneity was observed (I* = 22.1%,
p = 0.226); we used a fixed-effects model for our analysis.

The results of the subgroup analysis showed that the
relationship between high PNI levels and longer PFS was
consistent in GIC patients with EC, GC, and HCC (Figure 6).
Notably, PNI predicted PFS in patients with GIC only when the cut-
off value was between 40 and 45 (Figure 7).

The findings of the multivariate analysis also support these
findings; although the univariate analysis revealed that PNI was not
associated with patient PFS, we consider the conclusions drawn from
the former to be more reliable due to its more methodologically
rigorous nature and larger number of inclusions (Figure S2).

3.4 Baseline PNI levels and ORR and DCR

Subsequently, we conducted an analysis to investigate the
correlation between PNI levels and response to ICI therapy in GIC
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FIGURE 1
The flow diagram for identifying eligible studies.
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patients. The presence of notable heterogeneity was not observed in
the results presented in Figures 8A, B, and hence a fixed-effect model
was implemented. Our findings revealed that GIC patients with high
PNI levels had a higher ORR (5 studies with 1430 patients, OR: 1.622,
95% CI: 1.251-2.103, p < 0.004, Figure 8A) and DCR (7 studies with
1551 patients, OR: 1.846, 95% CI: 1.428-2.388, p < 0.001, Figure 8B).

3.5 Sensitivity analysis

To assess the robustness of the findings, a sensitivity analysis
was conducted by iteratively excluding each study and examining
the impact on the overall results. Our analysis indicated that the

TABLE 1 Main characteristics of the studies included.

10.3389/fimmu.2023.1219929

exclusion of any individual study did not significantly affect
the pooled HR for OS. Specifically, the HR estimates for OS
ranged from 0.474 (95% CI: 0.398-0.566) when excluding
Muhammed et al., 2021 (25) to 0.547 (95% CI: 0.469-0.637)
when excluding Yang et al., 2022 (34), as depicted in Figure 9A.
Furthermore, the sensitivity analysis demonstrated that the
removal of any individual study did not significantly impact the
overall results for PFS. The range of HR values varied from 0.662
(95% CI: 0.547-0.800) after excluding Persano et al., 2023 (27) to
0.754 (95% CI: 0.659-0.862) after excluding Yang et al., 2022 (33)
(Figure 9B). Similarly, sensitivity analysis showed that removing
any of the studies did not affect the ORR and DCR results
(Figures 10A, B).

Gender
Stud Stud Cancer = Sample
ay ay ICl treatment np Age  (male/ Outcome
period region Type size
female)
08/ Pembrolizumab, 67
Chen et al., . . o
R 2019- China Camrelizumab, Sintilimab, ESCC 54 (43- 43/11 452 PES
2023 (19) o a
08/2021 Tislelizumab 78)
Tkoma et al. ov/ 70
v R 2017- Japan Nivolumab ESCC 93 (38- 72/21 48.4 0os
2023 (20) A
06/2021 80)
Ttaly,
Persano 10/ GerxanZn Atezolizumab plus 72
et al, 2023 R 2018- o ai" Bevacizumai HCC 773 @7- | 662111 410  OS, PES
©7) 04/2022 gab 94)
Japan, Korea
. 03/ 62
Qi et al,, . .
P 2019- China Pembrolizumab ESCC 51 (39- 44/7 524 PES
2023 (28) N
03/2022 75)
74
Tada et al., R 232{) ] Atezolizumab plus HCC 185 (68 389/96 470 OS, PFES,
2023 (30) apan Bevacizumab N ’ ORR, DCR
05/2022 80)
Camrelizumab,
Wu et al 09/ Pembrolizumab, Nivolumab %8
N R 2018- China o Co ? EC 78 (46- 65/13 40.6 OS, PFS
2023 (32) Sintilimab, Tislelizumab, N
05/2022 L. 87)
Toripalimab
03/ 61.0
Y L, li , Sintilimab, , PFS,
ang et a R 2017- China Camrelizumab, Sintilimab BTC 31 + 19/12 wu3  OSPIES
2023 (33) Nivolumab, Pembrolizumab . ORR, DCR
04/2022 11.8
10/ 71
Book et al., . . OS, PES,
ook eta R 2017- Japan Nivolumab, Pembrolizumab UGIC 61 (46- 49/12 d
2022 (18) N DCR
12/2021 86)
Kim et al. 2015 68 OS, PFS,
im et al., - y 5
R Korea Nivolumab, Pembrolizumab ESCC 60 (52— 56/4 35.9
2022 (21) 2019 a DCR
76)
Lee et al 10/ 55
ceetal R 2017- Korea Nivolumab GC 35 (25- 19/16 40.0 08, PFS
2022 (22) .
02/2021 71)
Morelli 06, 61
oret / United Pembrolizumab, Nivolumab,
et al., 2022 R 2014- Kinedom Avelumab GC 57 (29- 43/14 33.0 oS
(24) 12/2018 8 85)°
S cal 08/
2‘0*;; (239')’ R 2016- China ICIs GC 89 - - 46 0OS,PES
12/2020
(Continued)

Frontiers in Immunology

141

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1219929
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al. 10.3389/fimmu.2023.1219929

TABLE 1 Continued

Gender
Study Study Cancer  Sample
. . ICl treatment . (male/ Outcome
period region Type size
female)
Yang et al 02/ Nivolumab, Pembrolizumab, 57
ang et al.,
2022g (4 R 2019- China Toripalimab, Camrelizumab, I1CC 73 (31- 49/24 49.0 oS
02/2021 Sintilimab 75)*
Nivol , P i s 2
Mei et al, 07/ . ivo L'lma\'b eml.Jro. 1.zumab 5 05, ORR,
R 2018- China Toripalimab, Sintilimab, HCC 442 (21- 382/60 48.0
2021 (23) X N DCR
12/2019 Camrelizumab 75)
Muh, d 65
¢ 13211;16 R 2015- - Europe, North, ICI HCC 362 (s 284/78 5o OSPES
etal 2018 America, Asia s X ¥ ORR, DCR
(25) 87)
‘Watanab 10,
atanabe / ' 71/ OS, PFS,
et al,, 2021 R 2015- Japan Nivolumab GC 110 39 79/31 40.0 ORR. DCR
(31) 12/2019 ,
Namikawa 10/ 71
et al., 2020 R 2017- Japan Nivolumab GC 29 (49— 19/10 31.1 OS, PFS
(26) 12/2019 86)*

“medians (ranges); "> 65 vs. < 65; “mean + standard deviation; ESCC patients with cut-off = 42.8 and GC patients with cut-off = 37.2; R, retrospective study; P, prospective study; OS, overall
survival; PFS, progression-free survival; ORR, objective response rate; DCR, disease control rate; ESCC, esophageal squamous cell carcinoma; EC, esophageal cancer; GC, gastric cancer; HCC,

hepatocellular carcinoma; BTC, biliary tract cancers; ICC, intrahepatic cholangiocarcinoma; UGIC, upper gastrointestinal cancer; ICIs, immune checkpoint inhibitors.

3.6 Publication bias

We performed Begg’s and Egger’s tests to evaluate the potential
publication bias in our meta-analysis. The findings indicated no
considerable publication bias for ORR (Egger’s test: p = 0.241, Begg’s
test: p = 0.230) and DCR (Egger’s test: p = 0.086, Begg’s test: p =
0.081). Nevertheless, we detected publication bias in OS (Egger’s test:
p = 0.003, Begg’s test: p = 0.021) and PFS (Egger’s test: p = 0.027,
Begg’s test: p = 0.064) based on Egger’s test. To address this issue, we
utilized the trim and fill method to estimate the number of potential
missing studies in OS. The results showed no change in pooled HR
without the missing study being incorporated (Figure 11).

Study

lkoma et al. 2023
Persano et al. 2023
Wu et al. 2023

Yang et al. 2023

Book et al. 2022

Kim et al. 2022

Lee et al. 2022

Morelli et al. 2022

Sun et al. 2022

Yang et al. 2022

Mei et al. 2021
Muhammed et al. 2021
Watanabe et al. 2021
Namikawa et al. 2020
Overall, IV (I = 33.3%, p = 0.109)

4 Discussion

Our investigation aimed to explore the prognostic significance
of PNI in GIC patients receiving ICI therapy. Through a meta-
analysis of relevant studies, we established a strong association
between elevated PNI levels and favorable OS and PFS and higher
ORR and DCR. Furthermore, subgroup analysis showed that PNI
cutoff values of 40 to 45 showed greater predictive potential.

While ICIs have emerged as a promising treatment for GIC
patients, the factors affecting their efficacy remain unclear. Multiple
biomarkers have been proposed for predicting response to ICIs,
including tumor mutation burden, microsatellite instability/
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Forest plots of the relationship between prognostic nutritional index and overall survival. HR, hazard ratio; CL, confidence interval.
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FIGURE 3

Subgroup analysis of the relationship between prognostic nutritional index and overall survival based on the cancer type. HR, hazard ratio;

CL, confidence interval.

mismatch repair deficiency, tertiary lymphoid structures, and
tumor-infiltrating lymphocytes (35). However, the application of
these biomarkers in clinical practice is limited by challenges such as
immature detection technology, difficulty obtaining specimens, and
high costs.

PNI is calculated as 5 x peripheral lymphocyte count (10°/L)
+serum albumin (g/L), which includes albumin and lymphocyte

Cut-off and Study

count, reflecting nutritional and immune status, respectively. In
upper gastrointestinal cancer patients, nutritional problems are
prevalent in up to 90% of cases, mainly due to reduced food
intake and increased nutrition consumption by tumors (36).
Long-standing research has linked malnutrition to a worse tumor
prognosis (37, 38). While low albumin levels are indicative of
malnutrition, they can also serve as a biomarker for systemic
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NOTE: Weights and between-subgroup heterogeneity test are from random-effects model

FIGURE 4

Subgroup analysis of the relationship between prognostic nutritional index and overall survival based on the cut-off. HR, hazard ratio; CL, confidence interval.
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FIGURE 5

20

Forest plots of the relationship between prognostic nutritional index and progression-free survival. HR, hazard ratio; CL, confidence interval.

inflammation (39). Inflammatory factors have been shown to
inhibit albumin synthesis, while oxidative stress can result in
albumin denaturation, contributing to a rapid decrease in serum
albumin levels in patients with an inflammatory state (40, 41).
Another crucial element in the development of tumors is the tumor
microenvironment. Through the attraction of T lymphocytes,
tumor-associated macrophages, and circulating cytokines,
inflammatory factors can significantly impact tumor cell
proliferation, angiogenesis, and tumor invasion/metastasis (42,
43). A crucial component of adaptive immunity is the
lymphocyte. The immune system’s capacity to prevent tumor cell

Cancer Type and Study

growth and metastasis may decline when lymphocyte numbers
drop, hastening the development of tumors (44, 45). Therefore,
the combination of albumin and lymphocyte counts in the PNI can
provide a more comprehensive reflection of the host condition.
Initially used to evaluate the immunotrophic status and surgical
risks of gastrointestinal surgery patients, PNI has since been applied
to other cancer types, including EC (46), GC (26), HCC (47), and
pancreatic cancer (48). The success of ICIs in combating tumors is
attributed to their ability to alleviate the suppression of tumor cells
by the immune system. Hence, the nutritional and immune statuses
of patients are critical determinants of the efficacy of ICIs (49). In
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Subgroup analysis of the relationship between prognostic nutritional index and progression-free survival based on the cancer type. HR, hazard ratio;

CL, confidence interval
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FIGURE 7

Subgroup analysis of the relationship between prognostic nutritional index and progression-free survival based on the cut-off. HR, hazard ratio; CL,

confidence interval.

this study, we performed the first meta-analysis to confirm that PNI
predicted the response of GIC patients to ICI therapy. PNI
possesses several benefits that make it convenient for daily clinical
practice. It is readily available, easily quantifiable, repeatable, and
relatively cost-effective to assess (50). As a result, due to its well-
established impact on the host’s nutritional and immune status as

well as cancer, the PNI could serve as a useful tool in predicting the
therapeutic outcomes of ICIs in GIC patients. Individualized and
timely nutritional and immunological interventions may improve
the prognosis of patients with low baseline PNI.

It is noteworthy that the majority of studies included in this
analysis were retrospective cohort studies, which may limit their
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Forest plots of the relationship between prognostic nutritional index and objective response rate (A) and disease control rate (B). OR, odds ratio; CL,

confidence interval.
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FIGURE 9
Sensitivity analysis of the association between prognostic nutritional index and overall survival (A) and progression-free survival (B). CL, confidence interval.
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statistical validity. In addition, the types of ICIs used in each study
are not entirely consistent. Therefore, it is imperative to perform
additional high-quality investigations with larger sample sizes,
particularly multicenter prospective studies, to corroborate and
refine our findings.

Data availability statement
The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions
LZ, WM, BH, and WW conceived and designed the study. LZ,

WM, ZQ, TK, and KW were responsible for the collection and
assembly of data, data analysis, and interpretation. LZ, ZQ, and

Frontiers in Immunology

WM were involved in writing the manuscript. LZ, QZ, WM, BH,
and WW revised the manuscript. All authors contributed to the
article and approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1219929
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1219929/
full#supplementary-material

SUPPLEMENTARY TABLE 1
The detailed search strategies for Pubmed

References

1. Arnold M, Abnet CC, Neale RE, Vignat J, Giovannucci EL, McGlynn KA, et al.
Global burden of 5 major types of gastrointestinal cancer. Gastroenterology (2020) 159
(1):335-349.315. doi: 10.1053/j.gastro.2020.02.068

2. Wang Y, Zou J, Li Y, Jiao X, Wang Y, Zhuo N, et al. Serological biomarkers
predict immune-related adverse events and clinical benefit in patients with advanced
gastrointestinal cancers. Front Immunol (2022) 13:987568. doi: 10.3389/
fimmu.2022.987568

3. Zhang L, Chen C, Chai D, Li C, Guan Y, Liu L, et al. The association between
antibiotic use and outcomes of HCC patients treated with immune checkpoint
inhibitors. Front Immunol (2022) 13:956533. doi: 10.3389/fimmu.2022.956533

4. Boku N, Ryu MH, Kato K, Chung HC, Minashi K, Lee KW, et al. Safety and
efficacy of nivolumab in combination with s-1/capecitabine plus oxaliplatin in patients
with previously untreated, unresectable, advanced, or recurrent gastric/
gastroesophageal junction cancer: interim results of a randomized, phase II trial
(ATTRACTION-4). Ann Oncol (2019) 30(2):250-8. doi: 10.1093/annonc/mdy540

5. Santini D, Zeppola T, Russano M, Citarella F, Anesi C, Buti S, et al. PD-1/PD-L1
checkpoint inhibitors during late stages of life: an ad-hoc analysis from a large
multicenter cohort. J Transl Med (2021) 19(1):270. doi: 10.1186/s12967-021-02937-9

6. Zhang L, Jin Q, Chai D, Kuang T, Li C, Guan Y, et al. The correlation between
probiotic use and outcomes of cancer patients treated with immune checkpoint
inhibitors. Front Pharmacol (2022) 13:937874. doi: 10.3389/fphar.2022.937874

7. Ding P, Lv ], Sun C, Chen S, Yang P, Tian Y, et al. Combined systemic
inflammatory immunity index and prognostic nutritional index scores as a screening
marker for sarcopenia in patients with locally advanced gastric cancer. Front Nutr
(2022) 9:981533. doi: 10.3389/fnut.2022.981533

8. Ding P, Guo H, He X, Sun C, Lowe S, Bentley R, et al. Effect of skeletal muscle
loss during neoadjuvant imatinib therapy on clinical outcomes in patients with
locally advanced GIST. BMC Gastroenterol (2022) 22(1):399. doi: 10.1186/s12876-
022-02479-4

9. Ding P, Guo H, Sun C, Yang P, Kim NH, Tian Y, et al. Combined systemic
immune-inflammatory index (SII) and prognostic nutritional index (PNI) predicts
chemotherapy response and prognosis in locally advanced gastric cancer patients
receiving neoadjuvant chemotherapy with PD-1 antibody sintilimab and XELOX: a
prospective study. BMC Gastroenterol (2022) 22(1):121. doi: 10.1186/s12876-022-
02199-9

10. Kim JH, Bae Y], Jun KH, Chin HM. Long-term trends in hematological and
nutritional status after gastrectomy for gastric cancer. J Gastrointest Surg (2017) 21
(8):1212-9. doi: 10.1007/s11605-017-3445-7

11. Kim YN, Choi YY, An JY, Choi MG, Lee JH, Sohn TS, et al. Comparison of
postoperative nutritional status after distal gastrectomy for gastric cancer using three
reconstructive methods: a multicenter study of over 1300 patients. J Gastrointest Surg
(2020) 24(7):1482-8. doi: 10.1007/511605-019-04301-1

12. Yu J, Huang C, Sun Y, Su X, Cao H, Hu J, et al. Effect of laparoscopic vs open
distal gastrectomy on 3-year disease-free survival in patients with locally advanced
gastric cancer: the CLASS-01 randomized clinical trial. JAMA (2019) 321(20):1983-92.
doi: 10.1001/jama.2019.5359

13. Mohri Y, Inoue Y, Tanaka K, Hiro J, Uchida K, Kusunoki M. Prognostic
nutritional index predicts postoperative outcome in colorectal cancer. World J Surg
(2013) 37(11):2688-92. doi: 10.1007/s00268-013-2156-9

14. Park SH, Lee S, Song JH, Choi S, Cho M, Kwon IG, et al. Prognostic significance
of body mass index and prognostic nutritional index in stage II/III gastric cancer. Eur |
Surg Oncol (2020) 46(4 Pt A):620-5. doi: 10.1016/j.¢js0.2019.10.024

15. LiuJY, Dong HM, Wang WL, Wang G, Pan H, Chen WW, et al. The effect of the
prognostic nutritional index on the toxic side effects of radiochemotherapy and
prognosis after radical surgery for gastric cancer. Cancer Manag Res (2021) 13:3385—
92. doi: 10.2147/CMAR.S301140

16. Liberati A, Altman DG, Tetzlaff ], Mulrow C, Getzsche PC, Ioannidis JP, et al.
The PRISMA statement for reporting systematic reviews and meta-analyses of studies
that evaluate health care interventions: explanation and elaboration. PloS Med (2009) 6
(7):¢1000100. doi: 10.1371/journal.pmed.1000100

Frontiers in Immunology

10.3389/fimmu.2023.1219929

SUPPLEMENTARY FIGURE 1

Subgroup analysis of the relationship between prognostic nutritional index
and overall survival based on the Cox model. HR, hazard ratio; CL,
confidence interval.

SUPPLEMENTARY FIGURE 2

Subgroup analysis of the relationship between prognostic nutritional index
and progression-free survival based on the Cox model. HR, hazard ratio; CL,
confidence interval.

17. Zhang L, Feng ], Kuang T, Chai D, Qiu Z, Deng W, et al. Blood biomarkers
predict outcomes in patients with hepatocellular carcinoma treated with immune
checkpoint inhibitors: a pooled analysis of 44 retrospective sudies. Int
Immunopharmacol (2023) 118:110019. doi: 10.1016/j.intimp.2023.110019

18. Booka E, Kikuchi H, Haneda R, Soneda W, Kawata S, Murakami T, et al.
Neutrophil-to-Lymphocyte ratio to predict the efficacy of immune checkpoint inhibitor
in upper gastrointestinal cancer. Anticancer Res (2022) 42(6):2977-87. doi: 10.21873/
anticanres.15781

19. Chen W, Li D, Bian X, Wu Y, Xu M, Wu M, et al. Peripheral blood markers
predictive of progression-free survival in advanced esophageal squamous cell
carcinoma patients treated with PD-1 inhibitors plus chemotherapy as first-line
therapy. Nutr Cancer (2023) 75(1):207-18. doi: 10.1080/01635581.2022.2123533

20. Ikoma T, Shimokawa M, Matsumoto T, Boku S, Yasuda T, Shibata N, et al.
Inflammatory prognostic factors in advanced or recurrent esophageal squamous cell
carcinoma treated with nivolumab. Cancer Immunol Immunother (2023) 72(2):427-35.
doi: 10.1007/500262-022-03265-7

21. Kim JH, Ahn B, Hong SM, Jung HY, Kim DH, Choi KD, et al. Real-world
efficacy data and predictive clinical parameters for treatment outcomes in advanced
esophageal squamous cell carcinoma treated with immune checkpoint inhibitors.
Cancer Res Treat (2022) 54(2):505-16. doi: 10.4143/crt.2020.1198

22. Lee J, Choi SH, Baek JH, Back DW, Kim JG, Kang BW. Clinical impact of
prognostic nutrition index for advanced gastric cancer patients with peritoneal
metastases treated nivolumab monotherapy. Chonnam Med J (2022) 58(1):24-8. doi:
10.4068/cmj.2022.58.1.24

23. Mei J, Sun XQ, Lin WP, Li SH, Lu LH, Zou JW, et al. Comparison of the
prognostic value of inflammation-based scores in patients with hepatocellular
carcinoma after anti-pd-1 therapy. J Inflamm Res (2021) 14:3879-90. doi: 10.2147/
JIR.S325600

24. Morelli C, Formica V, Patrikidou A, Rofei M, Shiu KK, Riondino S, et al.
Nutritional index for immune-checkpoint inhibitor in patients with metastatic gastro-
esophageal junction/gastric cancer. J Gastrointest Oncol (2022) 13(5):2072-81. doi:
10.21037/jgo-22-217

25. Muhammed A, Fulgenzi CAM, Dharmapuri S, Pinter M, Balcar L, Scheiner B,
et al. The systemic inflammatory response identifies patients with adverse clinical
outcome from immunotherapy in hepatocellular carcinoma. Cancers (Basel) (2021) 14
(1):186. doi: 10.3390/cancers14010186

26. Namikawa T, Yokota K, Tanioka N, Fukudome I, Iwabu J, Munekage M, et al.
Systemic inflammatory response and nutritional biomarkers as predictors of
nivolumab efficacy for gastric cancer. Surg Today (2020) 50(11):1486-95. doi:
10.1007/s00595-020-02048-w

27. Persano M, Rimini M, Tada T, Suda G, Shimose S, Kudo M, et al. Role of the
prognostic nutritional index in predicting survival in advanced hepatocellular
carcinoma treated with atezolizumab plus bevacizumab. Oncology (2023) 101
(5):283-91. doi: 10.1016/j.iotech.2022.100212

28. Qi WX, Wang X, Li C, Li S, Li H, Xu F, et al. Pretreatment absolute lymphocyte
count is an independent predictor for survival outcomes for esophageal squamous cell
carcinoma patients treated with neoadjuvant chemoradiotherapy and pembrolizumab: an
analysis from a prospective cohort. Thorac Cancer (2023) 14(17):1556-66. doi: 10.1111/
1759-7714.14898

29. Sun H, Chen L, Huang R, Pan H, Zuo Y, Zhao R, et al. Prognostic nutritional
index for predicting the clinical outcomes of patients with gastric cancer who received
immune checkpoint inhibitors. Front Nutr (2022) 9:1038118. doi: 10.3389/
fnut.2022.1038118

30. Tada T, Kumada T, Hiraoka A, Kariyama K, Tani J, Hirooka M, et al. Nutritional
status is associated with prognosis in patients with advanced unresectable hepatocellular
carcinoma treated with atezolizumab plus bevacizumab. Oncology (2023) 101(4):270-82.
doi: 10.1159/000527676

31. Watanabe H, Yamada T, Komori K, Hara K, Kano K, Takahashi K, et al. Effect of
prognostic nutrition index in gastric or gastro-oesophageal junction cancer patients
undergoing nivolumab monotherapy. In Vivo (2021) 35(1):563-9. doi: 10.21873/
invivo.12292

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1219929/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1219929/full#supplementary-material
https://doi.org/10.1053/j.gastro.2020.02.068
https://doi.org/10.3389/fimmu.2022.987568
https://doi.org/10.3389/fimmu.2022.987568
https://doi.org/10.3389/fimmu.2022.956533
https://doi.org/10.1093/annonc/mdy540
https://doi.org/10.1186/s12967-021-02937-9
https://doi.org/10.3389/fphar.2022.937874
https://doi.org/10.3389/fnut.2022.981533
https://doi.org/10.1186/s12876-022-02479-4
https://doi.org/10.1186/s12876-022-02479-4
https://doi.org/10.1186/s12876-022-02199-9
https://doi.org/10.1186/s12876-022-02199-9
https://doi.org/10.1007/s11605-017-3445-7
https://doi.org/10.1007/s11605-019-04301-1
https://doi.org/10.1001/jama.2019.5359
https://doi.org/10.1007/s00268-013-2156-9
https://doi.org/10.1016/j.ejso.2019.10.024
https://doi.org/10.2147/CMAR.S301140
https://doi.org/10.1371/journal.pmed.1000100
https://doi.org/10.1016/j.intimp.2023.110019
https://doi.org/10.21873/anticanres.15781
https://doi.org/10.21873/anticanres.15781
https://doi.org/10.1080/01635581.2022.2123533
https://doi.org/10.1007/s00262-022-03265-7
https://doi.org/10.4143/crt.2020.1198
https://doi.org/10.4068/cmj.2022.58.1.24
https://doi.org/10.2147/JIR.S325600
https://doi.org/10.2147/JIR.S325600
https://doi.org/10.21037/jgo-22-217
https://doi.org/10.3390/cancers14010186
https://doi.org/10.1007/s00595-020-02048-w
https://doi.org/10.1016/j.iotech.2022.100212
https://doi.org/10.1111/1759-7714.14898
https://doi.org/10.1111/1759-7714.14898
https://doi.org/10.3389/fnut.2022.1038118
https://doi.org/10.3389/fnut.2022.1038118
https://doi.org/10.1159/000527676
https://doi.org/10.21873/invivo.12292
https://doi.org/10.21873/invivo.12292
https://doi.org/10.3389/fimmu.2023.1219929
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

32. WuM, Zhu Y, Chen X, Wang X, Lin X, Yan X, et al. Prognostic nutritional index
predicts the prognosis of patients with advanced esophageal cancer treated with
immune checkpoint inhibitors: a retrospective cohort study. J Gastrointest Oncol
(2023) 14(1):54-63. doi: 10.21037/jgo-23-48

33. Yang L, Zhong ], Wang W, Zhou F. Prognostic nutritional index associates with
immunotherapy response in patients with metastatic biliary tract cancer. Nutr Cancer
(2023) 75(2):696-706. doi: 10.1080/01635581.2022.2153880

34. Yang Z, Zhang D, Zeng H, Fu Y, Hu Z, Pan Y, et al. Inflammation-based scores
predict responses to PD-1 inhibitor treatment in intrahepatic cholangiocarcinoma. J
Inflamm Res (2022) 15:5721-31. doi: 10.2147/JIR.S385921

35. Grecea M, Soritau O, Dulf D, Ciuleanu TE, Zdrenghea M. Potential biomarkers
for the efficacy of PD-1-PD-L blockade in cancer. Onco Targets Ther (2021) 14:5275-
91. doi: 10.2147/OTT.S283892

36. Furness K, Silvers MA, Savva J, Huggins CE, Truby H, Haines T. Long-term
follow-up of the potential benefits of early nutritional intervention in adults with upper
gastrointestinal cancer: a pilot randomised trial. Support Care Cancer (2017) 25
(11):3587-93. doi: 10.1007/s00520-017-3789-2

37. Fearon K, Strasser F, Anker SD, Bosaeus I, Bruera E, Fainsinger RL, et al.

Definition and classification of cancer cachexia: an international consensus. Lancet
Oncol (2011) 12(5):489-95. doi: 10.1016/S1470-2045(10)70218-7

38. Yuan Q, Zhang W, Shang W. Identification and validation of a prognostic risk-scoring
model based on sphingolipid metabolism-associated cluster in colon adenocarcinoma. Front
Endocrinol (Lausanne) (2022) 13:1045167. doi: 10.3389/fend0.2022.1045167

39. Evans DC, Corkins MR, Malone A, Miller S, Mogensen KM, Guenter P, et al.
The use of visceral proteins as nutrition markers: an ASPEN position paper. Nutr Clin
Pract (2021) 36(1):22-8. doi: 10.1002/ncp.10588

40. Coffelt SB, de Visser KE. Cancer: inflammation lights the way to metastasis.
Nature (2014) 507(7490):48-9. doi: 10.1038/nature13062

41. Bito R, Hino S, Baba A, Tanaka M, Watabe H, Kawabata H. Degradation of
oxidative stress-induced denatured albumin in rat liver endothelial cells. Am J Physiol
Cell Physiol (2005) 289(3):C531-542. doi: 10.1152/ajpcell.00431.2004

Frontiers in Immunology

149

10.3389/fimmu.2023.1219929

42. Condeelis J, Pollard JW. Macrophages: obligate partners for tumor cell
migration, invasion, and metastasis. Cell (2006) 124(2):263-6. doi: 10.1016/
j.cell.2006.01.007

43. Yuan Q, Deng D, Pan C, Ren J, Wei T, Wu Z, et al. Integration of
transcriptomics, proteomics, and metabolomics data to reveal HER2-associated
metabolic heterogeneity in gastric cancer with response to immunotherapy and
neoadjuvant chemotherapy. Front Immunol (2022) 13:951137. doi: 10.3389/
fimmu.2022.951137

44. Dunn GP, Old LJ, Schreiber RD. The immunobiology of cancer
immunosurveillance and immunoediting. Immunity (2004) 21(2):137-48. doi:
10.1016/j.immuni.2004.07.017

45. Kitayama J, Yasuda K, Kawai K, Sunami E, Nagawa H. Circulating lymphocyte
number has a positive association with tumor response in neoadjuvant
chemoradiotherapy for advanced rectal cancer. Radiat Oncol (2010) 5:47. doi:
10.1186/1748-717X-5-47

46. Nakatani M, Migita K, Matsumoto S, Wakatsuki K, Ito M, Nakade H, et al.
Prognostic significance of the prognostic nutritional index in esophageal cancer
patients undergoing neoadjuvant chemotherapy. Dis Esophagus (2017) 30(8):1-7.
doi: 10.1093/dote/dox020

47. Wang D, Hu X, Xiao L, Long G, Yao L, Wang Z, et al. Prognostic nutritional
index and systemic immune-inflammation index predict the prognosis of patients with
HCC. ] Gastrointest Surg (2021) 25(2):421-7. doi: 10.1007/s11605-019-04492-7

48. Fu M, Yu L, Yang L, Chen Y, Chen X, Hu Q, et al. Predictive value of the
preoperative prognostic nutritional index for postoperative progression in patients with
pancreatic neuroendocrine neoplasms. Front Nutr (2022) 9:945833. doi: 10.3389/
fnut.2022.945833

49. Yang Y. Cancer immunotherapy: harnessing the immune system to battle
cancer. ] Clin Invest (2015) 125(9):3335-7. doi: 10.1172/JCI83871

50. Kang BW, Chau I. Current status and future potential of predictive biomarkers
for immune checkpoint inhibitors in gastric cancer. ESMO Open (2020) 5(4):e000791.
doi: 10.1136/esmoopen-2020-000791

frontiersin.org


https://doi.org/10.21037/jgo-23-48
https://doi.org/10.1080/01635581.2022.2153880
https://doi.org/10.2147/JIR.S385921
https://doi.org/10.2147/OTT.S283892
https://doi.org/10.1007/s00520-017-3789-2
https://doi.org/10.1016/S1470-2045(10)70218-7
https://doi.org/10.3389/fendo.2022.1045167
https://doi.org/10.1002/ncp.10588
https://doi.org/10.1038/nature13062
https://doi.org/10.1152/ajpcell.00431.2004
https://doi.org/10.1016/j.cell.2006.01.007
https://doi.org/10.1016/j.cell.2006.01.007
https://doi.org/10.3389/fimmu.2022.951137
https://doi.org/10.3389/fimmu.2022.951137
https://doi.org/10.1016/j.immuni.2004.07.017
https://doi.org/10.1186/1748-717X-5-47
https://doi.org/10.1093/dote/dox020
https://doi.org/10.1007/s11605-019-04492-7
https://doi.org/10.3389/fnut.2022.945833
https://doi.org/10.3389/fnut.2022.945833
https://doi.org/10.1172/JCI83871
https://doi.org/10.1136/esmoopen-2020-000791
https://doi.org/10.3389/fimmu.2023.1219929
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

Chi Chun Wong,
The Chinese University
of Hong Kong, China

Hualin Chen,

Peking Union Medical College Hospital
(CAMS), China

Zhirui Zeng,

Guizhou Medical University, China

Wenxiang Huang
wenxianghuang2018@163.com

12 April 2023
04 August 2023
23 August 2023

Wang Z, Chen X, Zhang J, Chen X, Peng J
and Huang W (2023) Based on
disulfidptosis-related glycolytic genes to
construct a signature for predicting
prognosis and immune infiltration analysis
of hepatocellular carcinoma.

Front. Immunol. 14:1204338.

doi: 10.3389/fimmu.2023.1204338

© 2023 Wang, Chen, Zhang, Chen, Peng and
Huang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

Original Research
23 August 2023
10.3389/fimmu.2023.1204338

Based on disulfidptosis-related
glycolytic genes to construct a
signature for predicting
prognosis and immune
infiltration analysis of
hepatocellular carcinoma

Zhijian Wang*, Xuenuo Chen?, Jia Zhang?, Xuanxin Chen?,
Jiayi Peng® and Wenxiang Huang*

‘Department of General Practice, The First Affiliated Hospital of Chongging Medical University,
Chongging, China, 2Department of Infectious Disease, The First Affiliated Hospital of Chongging
Medical University, Chongging, China, *Department of Geriatrics, The First Affiliated Hospital of
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Background: Hepatocellular carcinoma (HCC) comprises several distinct
molecular subtypes with varying prognostic implications. However, a
comprehensive analysis of a prognostic signature for HCC based on molecular
subtypes related to disulfidptosis and glycolysis, as well as associated
metabolomics and the immune microenvironment, is yet to be fully explored.

Methods: Based on the differences in the expression of disulfide-related
glycolytic genes (DRGGs), patients with HCC were divided into different
subtypes by consensus clustering. Establish and verify a risk prognosis
signature. Finally, the expression level of the key gene SLCOI1B1 in the
signature was evaluated using immunohistochemistry (IHC) and quantitative
real-time PCR (gRT-PCR) in HCC. The association between this gene and
immune cells was explored using multiplex immunofluorescence. The
biological functions of the cell counting kit-8, wound healing, and colony
formation assays were studied.

Results: Different subtypes of patients have specific clinicopathological features,
prognosis and immune microenvironment. We identified seven valuable genes
and constructed a risk-prognosis signature. Analysis of the risk score revealed
that compared to the high-risk group, the low-risk group had a better prognosis,
higher immune scores, and more abundant immune-related pathways,
consistent with the tumor subtypes. Furthermore, IHC and gqRT-PCR analyses
showed decreased expression of SLCO1B1 in HCC tissues. Functional
experiments revealed that SLCO1B1 overexpression inhibited the proliferation,
migration, and invasion of HCC cells.
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Conclusion: We developed a prognostic signature that can assist clinicians in
predicting the overall survival of patients with HCC and provides a reference
value for targeted therapy.
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1 Introduction

Primary liver cancer is a prevalent malignancy worldwide and
the fourth leading cause of cancer-related deaths. The highest
incidences were observed in East Asia, Southeast Asia, and North
Africa (1). Hepatocellular carcinoma (HCC) accounts for
approximately 80% of all primary HCCs (2). HCC typically arises
from the progression of metabolic liver disease or viral hepatitis B
and C infections (2). Numerous genetic mutations build up during
the development of HCC, including TP53 mutations in hepatitis B-
associated HCC and CTNNB1 and TERT mutations in HCC
associated with alcoholic liver disease (3). Owing to its insidious
onset, HCC is usually diagnosed at an advanced stage when surgical
intervention is not feasible. Current treatment options for patients
with advanced HCC include radiotherapy, immunotherapy, and
targeted therapy. However, their efficacy is often limited by drug
resistance (4, 5). Therefore, identifying new tumor markers is
crucial for improving HCC-targeted therapies.

Recent studies have revealed that the accumulation of
intracellular disulfide induces a stress response leading to
disulfidptosis, a novel form of programmed cell death (6). Cancer
cells typically rely on the amino acid transporter protein SLC7A11
to transport cystine intracellularly and regulate tumor growth.
However, cystine is a disulfide that may have cytotoxic effects. To
balance this, cells rapidly convert toxic disulfide to other non-toxic
molecules using nicotinamide adenine dinucleotide phosphate
(NADPH) (7).
metabolism, and in cases where tumor cells are deficient in

NADPH is mainly produced by glucose

glucose, it can trigger disulfidptosis in tumor cells, which in turn
inhibits tumor growth. However, this process does not cause
cytotoxic to normal tissues (8). Since the introduction of the
concept of disulfidptosis, it has attracted considerable attention
from the medical community, particularly in the field of tumor
treatment (9). Therefore, understanding the state of disulfidptosis in
different patients with HCC is valuable for exploring targeted
therapies for HCC.

Glycolysis is a method of metabolic reprogramming in tumor
cells and was initially identified during the study of HCC. The
hallmark feature is that tumor cells use glycolysis as the main energy
source, even when mitochondria function normally and oxygen is
available, leading to a significant increase in the cellular uptake of
glucose and lactic acid production (10, 11). In addition to playing a
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crucial role in tumor proliferation, metastasis, and invasion,
glycolysis partly explains the development of resistance to
sorafenib in HCC (12, 13). Targeting glycolysis holds promise for
improving drug resistance and is a potential therapeutic target
for HCC.

As two important biological processes in tumors, the
relationship between disulfidptosis and glycolysis has received
considerable attention. Although the concept of disulfidptosis is
relatively new, studies on sulfur metabolism in tumors have been
reported. Researchers have proposed that sulfur-containing
compounds from garlic inhibit the proliferation of HCC cell lines,
a process closely associated with the highly reactive sulfane sulfur
(14, 15). In humans, sulfur-containing amino acids, such as
cysteine, and sulfur-containing proteins, such as glutathione, are
metabolized to produce sulfane sulfur, which has both anti-cancer
and pro-cancer effects. However, the mechanism of action is
unclear, and we speculate that there may be a link between
disulfidopathy and the therapeutic outcomes of sulfur-containing
compounds (14, 16-18). Additionally, sulfur-containing amino
acids and disulfide proteomics have great potential for regulating
glycolysis (19, 20). These studies inspired us to further explore the
association between disulfidroptosis and glycolysis in patients with
HCC and healthy individuals to guide targeted therapy and
prognosis of HCC. In this study, we developed a prognostic
signature by combining disulfide-related genes (DRGs) and
glycolysis-related genes (GRGs) to predict the prognosis of HCC
patients. The flowchart in Figure 1 illustrates how this study
was conducted.

2 Materials and methods
2.1 Collation and collection of data

First, we downloaded clinicopathological information, gene
expression matrix data, and somatic mutation data of patients
with HCC from The Cancer Genome Atlas (TCGA) database.
Another set of data containing the survival information of
patients with HCC was downloaded from the Gene Expression
Omnibus (GEO) database, and joint analysis of data from multiple
databases helped reduce the heterogeneity of individual datasets.
The GSE76427 and TCGA-LIHC data downloaded from the GEO
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FIGURE 1

Flow chart of our study. DRGs, disulfidptosis related genes; GRGs, glycolysis related genes; DRGGs, disulfidptosis related glycolytic genes; TCGA, The
Cancer Genome Atlas; GEO, Gene Expression Omnibus; TMB, tumor mutational burden; CNV, copy number variation; GSEA, Gene Set Enrichment
Analyses; TME, tumor microenvironment; MSI, microsatellite instability; CSCs, cancer stem cells; IHC, immunohistochemical; DEGs, differentially
expressed genes; CCK-8, Cell counting kit-8; mlF, multiplex immunofluorescence.

database were combined using the “merge” package (21). The “sva”
package in R language was used to correct for differences and
normalize for different sequencing batches (22), excluding patients
with missing survival information. We finally obtained 371 patients
with HCC from TCGA database and 115 patients from the GEO
database, which were used for the subsequent analysis.

2.2 Clinical sample collection

We randomly collected 14 pairs of fresh HCC and adjacent
normal tissue samples from the First Affiliated Hospital of
Chongqing Medical University (Chongqing, China) between
February and March 2023. In addition, 26 pairs of paraffin-
embedded sections of HCC and para-cancerous tissues between
June 2022 and December 2022 from the Pathological Diagnosis
Center of Chongging Medical University (Chongqing, China).
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None of the patients participating in our study underwent
radiotherapy, chemotherapy, and immunotherapy before surgery.
This study was approved by the Ethics Committee of the First
Affiliated Hospital of Chongqing Medical University.

2.3 Cell culture and transfection

Human HepG2 and Huh7 HCC cells were purchased from the
Cell Collection Center of the Chinese Academy of Sciences
(Shanghai, China). All cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, USA) containing 10%
Fetal Bovine Serum (Wisent, Canada) and cultured at 37°C in a cell
incubator with 5% CO2.

Lentiviruses targeting SLCO1B1 (forward, 5-GGGGTAC
CATCATGGACCAAAATCAAC-3’, and reverse 5-CTCGAGT
GGAAACACAGAAGCAGAAG-3") were purchased from
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GeneChem (Shanghai, China). Huh7 and HepG2 cells were
transfected according to the manufacturer’s instructions. Stable
strains were screened using 2 pg/ml puromycin. Three days after
transfection, gene expression of the SLCO1B1 marker was observed
under a fluorescence microscope, and cells with a transfection
efficiency of >80% were selected for subsequent analysis.

2.4 Quantitative real time PCR

Total RNA was extracted from 14 pairs of fresh HCC and
paraneoplastic tissues using the TRIZOL reagent (Takara
Biotechnology Co., Ltd., Dalian, China) according to the
manufacturer’s instructions. Total RNA was reverse transcribed
into cDNA using the PrimeScripTM RT kit (Takara Biotechnology
Co., Ltd.). The polymerase chain reaction (PCR) was performed
according to the manufacturer’s instructions. The amplification
product was designed by Takara Biotechnology Co., Ltd. with the
following sequence: SLCO1B1: forward, 5-GAATGCCCA
AGATGATGCTT-3’, and reverse, 5-AATCCAGTGCAAGT
GATTTCAAT-3’; B-actin: forward, 5-AGAAAATCTGGCAC
CACACCT-3’, and reverse, 5-GATAGCACAGCCTGGA
TAGCA-3". Expression was normalized to that of B-actin and
relative expression was calculated using the 2"**“" method (23).

2.5 Immunohistochemistry stain

THC was performed on 18 pairs of paraffin-embedded HCC and
normal paracancerous tissue samples. The specific experiments
were performed as previously described (24). Anti-human
SLCO1BI1 antibody (1:500, DF4534, Affinity Biosciences, China)
was used to incubate the tissues overnight at 4°C. After application
of the appropriate secondary antibody, the labeled antigen was
visualized using a standard 3, 3’-diaminobenzidine (DAB) protocol.
The slides were stained with hematoxylin. Two pathologists
evaluated the staining results in a double-blind manner. The
intensity of THC staining was calculated from the intensity and
number of stained cellular sections. The evaluation criteria for
staining intensity were as follows: 0, 1, 2, and 3 represented
negative, weak, moderate, and strong staining, respectively. The
evaluation criteria for the number of stained cells were 0, 1, 2, 3, and
4, representing the percentages of stained cells as <10%, 10-25%,
25-50%, 50-75%, and >75%, respectively. IHC score = staining
intensity x staining number. A score 26 is a high expression;
otherwise, it is a low expression (25).

2.6 Multiplex immunofluorescence analysis

MIF detection of SLCO1B1 and CD86 was performed in
pathological sections of HCC and adjacent normal tissues. First,
the sections were deparaffinized and rehydrated, and antigen
retrieval was performed using EDTA antigen retrieval buffer.
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Subsequently, the sections were incubated with 3% hydrogen
peroxide at room temperature for 25 min in the dark to block
endogenous peroxidase, and 3% Bovine Serum Albumin was used to
block the sections for 30 min. Cyclic staining for both antigens in
each section was then performed, including incubation with primary
and secondary antibodies, fluorescence signal enhancement by
Cyanine 3 Tyramide, and removal of Tyramide Signal
Amplification (TSA) -antibody complexes using EDTA bulffer.
Subsequently, the cell nuclei were counterstained with DAPI for
10 min, and an autofluorescence quencher was added, reacted for
5 min, and rinsed with distilled water. Subsequently, sections were
mounted in an anti-fluorescence quenching mounting medium.
Finally, observed and collected images were obtained using a
fluorescence microscope (Nikon ECLIPSE C1, Nikon DS-U3).

The scanned images were analyzed using the InForm software,
and the results were independently analyzed by two experienced
pathologists. The numbers 1, 2, and 3 represented low, medium, and
high fluorescence intensities, respectively. The histochemical scoring
formula was as follows: (high fluorescence intensity) x 3 + (median
fluorescence intensity) x 2 + (low fluorescence intensity) x 1 (26).

We used SLCO1B1 and CD86 (Proteintech, 13395-1-ap) as
primary antibodies, of which, SLCO1B1 was the key gene in our
signature, and CD86 was the surface marker of M1 macrophages
(27, 28). Goat Anti-Mouse IgG (H+L)-Alexa Fluor 488 was used as
the secondary antibody (AIFang biological, SA002).

2.7 Colony formation assay

Cells (1x10° cells per well in a six-well plate, and 5 ml of
complete medium) was added to each well, shaken, mixed, and
cultured in a cell incubator for approximately 14 days. The cells
were fixed with 4% paraformaldehyde, stained with 1 ml of 0.5%
crystal violet, rinsed with tap water, dried, and photographed.

2.8 Cell counting kit-8

First, we inoculated the well-growing cells into a 96-well plate,
adjusted the cell concentration to 1.5x10 */ml, added 200 pl of cell
suspension to each well, repeated three times for each group of cells,
and place them in an incubator for culture. Then, after the cells
adhered to the wall, 100 pl of CCK-8 working solution was added to
each well, which was recorded as 0 h of the measurement, and the
cells were placed in the incubator for 2.5 h. Finally, at specified time
points (0, 24, 48, and 72 h), the absorbance value was measured at a
wavelength of 450 nm by a microplate reader (Varioskan Flash,
version: 4.00.53), and the cell viability curve was drawn according to
the absorbance value.

2.9 Wound healing

First, we adjusted the cell concentration to 3x10 5/ml,
inoculated them into a 6-well plate, cultured in an incubator,
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observed that the cell confluence reached 100%, took a 200 pl sterile
pipette tip and drew three vertical lines, and washed the exfoliated
cells using the sterile phosphate buffered saline, and then, 2 ml
DMEM was added to each well. Finally, the scratches were observed
under a microscope and photographed at 0, 12, and 24 h.

2.10 Differential analysis, genomic
characteristics of DRGGs and drug
sensitivity analysis of DRGGs subtypes

We retrieved 14 DRGs from the relevant literature (Supplementary
Table 1), 326 GRGs were extracted from the MSigDB website (https://
www.gsea-msigdb.org/gsea/msigdb/) (Supplementary Table 2). Then,
we normalized the data from TCGA and GEO databases using the
“limma” and “survival” package of R language, and obtained 45
disulfidptosis-related glycolytic genes (DRGGs) with the screening
condition of |cor|>0.65 (29). Then, the frequency and type of
mutations of 45 DRGGs in patients with HCC were analyzed by the
“maftools” package, and the results were presented as “waterfall plots™
(30). In addition, the somatic copy number variation (CNV)
frequencies of the above genes were shown by “bubble plots”, and
the sites where the mutations occurred were shown by “circle plots”.
Next, in order to clarify the sensitivity of patients with DRGGs
molecular subtypes of HCC to chemotherapy drugs, we calculated
the drug concentration values when half of the cells were induced to
undergo apoptosis by drugs for the treatment of HCC (IC50) using the
“pRRophetic” package (31).

2.11 Consensus clustering analysis
of DRGGs

Consensus clustering analysis was performed using the
“ConsensusClusterPlus” R language package to classify the
enrolled patients with HCC were divided into different molecular
subtypes according to the differential expression of DRGGs (32).
Intragroup associations were enhanced and intergroup associations
were reduced after clustering. Subsequently, heterogeneity between
the two groups was described by principal components analysis
(PCA) and cumulative density functional (CDF) curves. To assess
the value of consistent clustering analysis in the treatment of
patients with HCC, we compared the between-group differences
in clinicopathological characteristics of patients with different
subtypes by heat map. Kaplan-Meier (K-M) curves were used to
determine survival differences between the two subtypes by the
“survival” and “survminer” package in R Studio. To clarify the
functional differences between the two subtypes, gene set variation
analysis (GSVA) was performed by the Kyoto Encyclopedia of
Genes and Genomes (KEGG). In addition, differences in immune
cell infiltration were analyzed using single-sample gene set
enrichment analysis (ssGSEA) to understand the differences in
the immune microenvironment between the groups.
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2.12 Screening, functional analysis and
prognostic analysis of differential genes
between molecular subtypes of DRGGs

Differentially expressed genes (DEGs) between molecular
subtypes of DRGGs were screened using the “limma” package in
R language with FDR<0.05 and |log2fold change (FC)|>0.585 as
criteria. Functional enrichment analysis was conducted using Gene
Ontology (GO) and KEGG to further explore the potential gene
functions and enrichment pathways of DRGGs.

Next, differential genes with prognostic value between the two
subtypes were screened by univariate Cox regression analysis, and
patients were classified into different genetic subtypes based on
these genes. Survival analysis was performed using K-M to verify
the prognostic differences between different gene subtypes. In
addition, differences in clinicopathological characteristics between
patients with different subtypes were assessed to guide the direction
for targeted therapy.

2.13 Construction of a prognostic signature

First, genes with prognostic value were screened using univariate
Cox regression analysis, and the accuracy of the signature was
improved using LASSO regression analysis. Independent prognostic
factors associated with HCC were screened based on multivariate Cox
regression analysis, and the risk score was calculated using the
multivariate Cox regression coefficients and the expression of
DRGGs in patients with HCC. Then, the prognostic signature was
constructed. The scoring formula was as follows:

risk  score coefi)

=>(Expi  *

where Expi and coefl represent the expression of genes and
regression coefficients, respectively. Subsequently, all patients with
HCC were randomly divided into a training group and test group at
a 1:1 ratio. Then, the patients were further classified into high-risk
and low-risk groups based on their median of the prognostic scores.

2.14 Analysis and validation of clinical
relevance of the prognostic signature

First, we calculated the differences in risk scores across the
DRGGs molecular subtypes and gene clusters to assess whether the
risk score retained its predictive power across subgroups. Differential
expression maps of DRGGs between the high- and low-risk groups
were constructed using the “ggplot2” package. The prognostic value
of clinicopathological elements and risk scores was assessed by Cox
regression analysis. Next, survival differences between patients in
various risk groups were identified using the K-M survival analysis,
plotting receiver operating characteristic (ROC) curves to assess the
diagnostic value of the scoring system. Then, the accuracy of the
results was further validated in the test group.
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2.15 Creation and verification
of nomogram

To evaluate the prognostic characteristics of patients at 1-, 3-
and 5-year, the “rms” and the “regplot” packages of R language were
used to construct the nomogram by combining clinical features
such as age, gender, risk scores and tumor stage of patients. Each
patient’s clinical information corresponded to a score and the total
score was the sum of each index used for the scoring system of the
nomogram. Finally, the scores were used to assess the probability of
survival at 1-,3-,5-year intervals.

2.16 Exploration of tumor
immune microenvironment

The main characteristics of the TIME include the extent of
immune cells infiltrate, expression profile of immune checkpoints,
and activity of anti-cancer immune responses. First, we assessed the
relation between risk scores and the proportion of immune cells
infiltration in patients with HCC using Spearman’s correlation
analysis. We also used the “CIBERSORT” package in R language to
quantify the enrichment of different immune cells in each tumor
sample and analyzed the relationship between genes and immune cells
in the signature. To further understand the differences in the TIME
between different risk groups and their relevance to immunotherapy,
we evaluated the differences in immune checkpoint expression
between the high- and low-risk groups. In addition, the ESTIMATE
algorithm was applied to calculate the stromal, immune and estimated
scores in the two risk groups, reflecting the degree of stromal and
immune cell infiltration and tumor purity for each risk group,
respectively, and a violin plot was used to visualize the differences
between groups. Besides, we evaluated the enrichment of immune-
related pathways in the different groups using gene set enrichment
analysis (GSEA) and the activity of the seven steps of the anticancer
immune response using ssGSEA to understand the role of risk scores
in the TIME and thus assess tumor prognosis (33, 34).

2.17 Exploration of genomic features in
prognostic signature

We applied mutation data downloaded from TCGA-LIHC to
analyze the tumor mutation burden (TMB) and major mutation
types in the different risk groups. TMB has emerged as a biomarker
to forecast the efficacy of immunotherapy (35). In addition, it has
been shown that microsatellite instability (MSI) is associated with
tumorigenesis, generally caused by DNA replication defects (36).
We used MSI analysis between different risk groups as a reference
for prognostic assessment. The poor prognostic of HCC is
intimately associated with the emergence of drug resistance, and
researches on cancer stem cells (CSCs) indicate that tumor
development was driven by a fraction of stem cells; therefore, it is
crucial to explore the stemness of CSCs (37). We assessed the degree
of resemblance between stem cells and tumor cells by calculating
mRNAsi to quantify the association between CSCs and risk scores.
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2.18 Statistical analysis

We analyzed the data using the R language software (version
4.2.2), performed t-tests for normally distributed data, and applied
Spearman’s test for correlation analysis. GraphPad Prism software
(version 8.0.1) was used for plotting the images, with P<0.05 as the
threshold of significance for all statistical analyses.

3 Results

3.1 Characterization and expression of
DRGGs mutations in HCC

First, we demonstrated the interactions between DRGs and
GRGs using a Sankey diagram (Figure 2A). TMB analysis of
DRGGs showed that 89 (23.99%) of the 371 patients had
mutations. Among these, the COL5A1 mutation frequency was
the highest (4%), followed by RANBP2 (Figure 2B). Next, the
somatic CNV frequency of DRGGs in HCC was further evaluated
and copy number alterations were found in all gene numbers.
Among them, most genes, such as TPR, NUP153, HK3, FLNA and
PAXIP1, had increased CNV frequencies, whereas ENO1, FLNB,
AGRN, CAPZB and ZBTB7A had decreased CNV (Figure 2C). In
addition, we showed the location of CNV of DRGGs occurring on
chromatin by a ring plot (Figure 2D) and found that most DRGGs
were located on chromosomes 1, 2, 3, and 7. Besides, we compared
the expression of DRGGs between HCC tissues and normal samples
and found that most genes, such as AGRN, B3GNT3 and FLNA,
were highly expressed in tumor tissues (Figure 2E), resulting in a
worse patient prognosis (Figures STA-P, Figures S2A-P, Figures
S3A-E). Figure 2F shows that DRGGs are positively correlated and
play a promoting role in HCC progression. In addition, most genes
were positive associated with CNV changes, indicating that CNV
may be one of the factors affecting gene expression levels
(Figures 2E, F). Thus, the analysis of mutations and expression of
DRGGs showed significant differences between HCC and normal
tissues, indicating that this gene cluster may play a key role in
HCC progression.

3.2 Construction and prognostic analysis of
molecular subtypes of DRGGs in patients
with HCC

We evaluated the HCC subtypes based on differences in the
expression of DRGGs and performed a cluster analysis of patients
with HCC using TCGA-LIHC and GEO (GSE76427) databases.
During the cluster analysis of the 486 samples, k=2 was considered
the best clustering method to minimize the differences between
groups, and the patients with HCC were divided into two subtypes:
DRGGs cluster A and DRGGs cluster B (Figure 3A). Besides, the
results were verified by PCA (Figure 3B) and CDF curves (Figure
S3F). In addition, the tracking plot showed that the sample was the
most stable when k = 2 (Figure S3G). In the K-M survival analysis of
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FIGURE 2
(A) The Sankey diagram showing the correlation between DRGs and GRGs. (B) Mutation frequencies and mutation types of 45 DRGGs in 371 patients
with HCC from the TCGA database. (C) Frequency of increased and decreased CNV in DRGGs. (D) Location of CNV of DRGGs on 24 chromosomes.
Red dots indicate increased copy number and blue dots indicate decreased copy number. (E) Expression of 45 DRGGs between normal and HCC
tissues. * represents P<0.05, ** represents P<0.01, *** represents P<0.001. (F) Interaction relationship between DRGGs in HCC. The thickness of the
connecting line indicates the strength of the correlation effect between genes, and the pink color represents positive correlation.

patients with both subtypes, it was found that the DRGGs cluster A
had a better survival outcome (Figure 3C).

3.3 Gene set variation analysis and TIME
analysis of molecular subtypes of DRGGs

First, we plotted a heat map using clinicopathological
information, which showed the relationship between sex, age, T
and N stages, and DRGGs cluster, where DRGGs were highly
expressed in DRGGs cluster B and almost all of them were
oncogenes (Figure 3D), explaining the adverse prognosis of
DRGGs cluster B patients. Then, GSVA analysis of the two
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subtypes was performed using KEGG to compare the variation in
the enrichment pathways, it was found that DRGGs cluster A was
highly enriched in the drug metabolism cytochrome P450, steroid
hormone biosynthesis, tyrosine metabolism, PPAR signaling
pathway, whereas the remaining pathways, such as cancer
pathway, pathogenic E. coli infection and actin cytoskeleton
regulation were highly enriched in DRGGs cluster B. (Figure 3E).
Besides, we explored the variation in the degree of the immune cell
infiltration for both subtypes by ssGSEA. Most of the 23 immune
cells were highly infiltrated in DRGGs cluster B (Figure 3F).
However, patients with cluster B had a significantly lower CD8 T
cell/T cell regulatory (Treg) ratio than patients with subtype A,
resulting in a poorer prognosis (Figure S3H).
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(A) Diagram of the consensus matrix defining the correlated regions of the two subtypes. (B) PCA analysis showing significant differences between
the two subtypes. (C) K-M analysis showing the prognostic characteristics of patients in both subtypes. (D) Differences in clinicopathological features
and expression levels of DRGGs between the two different subtypes. (E) GSVA of biological pathways between the two different subtypes, red and
blue represent activating and inhibiting pathways, respectively. (F) The extent of infiltration of 23 immune cells in HCC subtypes. PCA, principal
component analysis; GSVA, gene set variation analysis; K-M, Kaplan-Meier. ** represents P<0.01, *** represents P<0.001.

3.4 Drug sensitivity analysis

We explored the sensitivity of patients with HCC with the two
DRGGs molecular subtypes to the chemotherapy drugs commonly
used to treat HCC, and found that patients with DRGGs cluster A
were sensitive to AICAR, BIX02189, CABOZANTINIB, NG-25,
PFI-3, RTRAIL, TASELISIB, and Y-39983 drugs. However, patients
in DRGGs cluster B were more sensitive to AXITINIB, AZD8055,
DIHYDROROTENONE, FH535, OLAPARIB, PAZOPANIB,
PONATINIB, and SB-590885 (Figure 4). There were significant
differences in drug sensitivity among different subtypes of
HCC, which could provide direction for personalized treatment
of HCC.
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3.5 Construction of gene subtypes based
on differential genes between molecular
subtypes of DRGGs and validation

First, to detect the possible biological behavior of tumor cells,
we screened a total of 3451 differential genes between DRGGs
cluster A and cluster B by “BiocManager” and “limma” packages in
R Studio. Next, using GO functional enrichment analysis, we found
that the differential genes were mainly enriched in biological
processes (BP) functional set, such as cytoplasmic translation and
xenobiotic metabolic processes, and associated with cellular
component (CC), such as cell-substrate junction and focal
adhesion. As for molecular function (MF), extracellular matrix
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The relationship between patients with different DRGGs subtypes and chemotherapy sensitivity.

. DGRGs Cluster B

structural constituent and actin binding played an essential part in
neoplasm proliferation (Figure 5A) (Supplementary Table 3). Next,
The KEGG enrichment analysis was conducted on the different
genes, and the findings showed that the main pathways were
focused on metabolism, membrane transport, signal transduction,
genetic information processing, and other related pathways
(Figure 5B) (Supplementary Table 4). Therefore, DRGGs play an
essential role in HCC progression.

We then acquired 1,167 genes with prognostic value using
univariate Cox regression analysis. To further validate this
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regulatory mechanism, the samples were typed again according to
the 1167 prognostic genes, and the clustering diagram was obtained
using the “ConsensusClusterPlus” algorithm in R language. K=3
was the best clustering method for the samples (Figure 5C), and
three genetic subtypes were obtained, namely gene clusters A, B and
C. The CDF curves verified the clustering accuracy (Figure S3I). K-
M analysis suggested that patients with gene cluster C had the worst
prognosis, whereas those with gene cluster B had a higher survival
rate (p < 0.001) (Figure 5D). A heat map of the clinicopathological
features showed that gene cluster C mainly corresponded to DRGGs
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defining the correlated regions of three cluster-related regions. (D) K-M curves for the three gene subtypes. (E) Relationship between the three gene
subtypes and clinicopathological features.

cluster B, and that patients with both subtypes had the worst 3.6 Construction and validation of risk
prognosis (Figure 5E). Additionally, analysis of the expression of prognostic sig nature

DRGGs in patients with the three gene subtypes revealed that the
expression of DRGGs decreased sequentially in gene cluster C, gene
cluster A, and gene cluster B, with statistically significant differences
(P<0.001) (Figure 6A).

First, we constructed a prognostic signature for DRGGs from
the differential genes among the three gene subtypes based on
significant gene data obtained from multifactorial Cox regression
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analysis using LASSO regression analysis to avoid overfitting
(Figures S3], K). Seven genes included were ETV5, FZD7, CD5,
SLCO1B1, CD79A, SNX7, and SLC1A7, and the risk score equation
was: Risk score = (0.3039 * expression of ETV5) + (0.3091 *
expression of FZD7) + (-0.2449 * expression of CD5) + (-0.1656 *
expression of SLCO1BI) + (-0.3676 * expression of CD79A) +
(0.2673 * expression of SNX7) + (0.1420 * expression of SLC1A7).
Besides, Sankey plots indicated a consistent relationship among the
two molecular subtypes of DRGGs, the three genetic subtypes, the
different risk groups for prognostic features, and the prognosis of
patients (Figure 6B). Next, we assessed the association between the
three gene subtypes and risk scores and observed that gene cluster B
had the lowest risk score, whereas cluster C had the highest risk
score. More importantly, DRGGs cluster B exhibited a higher risk
score compared to DRGGs cluster A, consistent with data from
previous survival analyses (Figures 6C, D). In addition, DRGGs
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were high expression in the high-risk group, further confirming the
accuracy of the differences between HCC and normal adjacent
tissues (Figure 6E).

Next, we further validated the value of the prognostic signature.
The results of survival analysis revealed remarkably shorter survival
times in the high-risk group, both in the overall study cohort and in
the train and test groups (P<0.01) (Figures 7A, B, Figure S3L). ROC
analysis of all patients with HCC according to the prognostic
signature showed that the areas under the curve (AUC) were
0.753, 0.708 and 0.666 at 1-, 3- and 5- years, respectively (Figure
S3M). In the train group, the 1-, 3-, and 5-year AUCs were 0.814,
0.757, and 0.804, respectively (Figure 7C), whereas those in the test
group were 0.692, 0.661, and 0.575, respectively, strongly
confirming the diagnostic power of the signature (Figure 7D).
Subsequently, we found the prognostic value of the tumor stage
and risk score in the train group using univariate Cox regression
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(A) K-M analysis of the Recurrence free survival (RFS) of high-risk and low-risk patients in the train group. (B) K-M analysis of the RFS of high-risk and
low-risk patients in the train group. (C) ROC curves for predicting the 1-, 3-, and 5-year survival rates of patients in the train group. (D) ROC curves
for predicting the 1-, 3-, and 5-year survival rates of patients in the test group. (E) The univariate Cox regression analysis of clinical characteristics
and risk score in the train group. (F) The multivariate Cox regression analysis of clinical characteristics and risk score in the train group. (G)
Construction of a nomogram based on clinical characteristics and risk score for prognostic signature. RFS, recurrence free survival; ROC, receiver

operating characteristic.

analysis. Multivariate Cox regression analysis suggested that the risk
score was an independent prognostic factor in all groups

3.8 Assessment of TIME and biological
characteristics between the risk groups

(Figures 7E, F).

3.7 Creation of nomogram

Owing to the limitations of the scoring system alone in clinical

application, we integrated risk scores with the clinical information

of patients to create a nomogram to predict patients’ survival time at

1-, 3- and 5- years. Both T-stage and risk scores were independent

prognostic factors (Figure 7G). A calibration chart further

confirmed the accuracy of the signature (Figure S3N).
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First, correlation between the risk scores and immune cells was
visualized using scatter plot. The results showed that naive B cells,
CD8+ T cells and plasma cells negatively related to risk scores,
whereas M2 macrophages and neutrophils positively associated
with risk scores (Figures 8A-E). In addition, the TME scores
indicated that the low-risk group had higher tumor purity,
stromal and immune scores (Figure 8F). Second, the differences
in immune checkpoint expression suggested that most immune
checkpoint molecules such as CD40LG, CD48, IDO1, CD27,
PDCD1 were strongly expressed in the low-risk population.
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However, CD276 was expressed highly in the high-risk population
(Figure 8G), suggesting that immune checkpoints were involved in
tumor progression and are promising applications in the low-risk
population to help guide immunotherapy. Finally, based on the
study by Jiao Hu et al., we obtained the steps of the cancer immunity
cycle and the enrichment scores of the immunotherapy-predicted
pathways dataset (38). The “ggcor” package was used to construct
the correlation of the risk scores with the dataset. The results
showed that the IFN-y signaling pathway was mainly
concentrated in the low-risk group, and p53 signaling pathway,
cell cycle, DNA replication, and microRNAs in cancer were more
significantly enriched in the high-risk group (Figure 8H)
(Supplementary Table 5). In addition, the risk score was mostly
negatively correlated with the steps of the cancer immunity
cycle, including the recruitment process of T cell, CD4+ T cell,
Th1 cell, dendritic cell, and NK cell, whereas the recruitment of
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neutrophil was more active in the high-risk group (Figure 8I)
(Supplementary Table 6).

3.9 Relationship between risk scores and
TMB, MSI, and CSCs

HCC development is influenced by multiple complex factors,
including TMB, MSI, and CSCs. Therefore, it is crucial to explore
the relationships between the prognostic signature and these
factors. It has been suggested that patients with higher TMB may
have stronger immunogenicity and thus higher sensitivity to
immunotherapy (39). Therefore, we included 361 HCC patients
with complete mutation information from the TCGA database,
counted the number of variants and mutation types in each sample.
The top 20 genes in terms of mutation frequencies were selected
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(A, B) Waterfall plots of somatic mutation frequency and mutation type between different risk groups. Each column represents an individual patient.
The bar above each column shows the TMB, numbers on the right side indicates the mutation frequency of each gene, and the bars on the right
show the proportion of each mutation type. (C) TMB differences in different risk groups. (D) Differences in survival between the high TMB and low
TMB groups. (E) Survival differences between patients assessed by TMB and risk score combined. (F, G) Relationship between risk score, MSS and

MSI. (H) Relationship between risk score and CSCs.

using waterfall plots. Comparative analysis of different risk groups
showed that TMB occurred in 87.93% of patients in low-risk group,
with the most significant mutation in CTNNB1 (32%). However,
TMB occurred in 83.42% of the patients with HCC in the high-risk
group, with the most significant mutation in TP53 (33%). Besides,
the difference in TMB between the two risk groups was not
statistically significant (P=0.91) (Figures 9A-C). However, it is
worth mentioning that survival analysis suggested a better
prognosis in the low TMB group (P<0.05) (Figure 9D). In
addition, by combining the risk score and the TMB from the
prognostic signature, survival analysis showed statistically
significant survival among the four groups (p<0.001) (Figure 9E).
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In conclusion, there was no significant difference in TMB between
the high-risk and low-risk groups, but TMB combined with risk
score was a better predictor of overall survival time.

In addition, it has been shown that for oncology patients, the
higher the MSI, the higher the potential for selecting immunotherapy
(40). It has been suggested that MSI is a biomarker for determining
response to immune checkpoint therapy (41). Our analysis of patients
with HCC showed that the MSI-H group had a lower risk score than
the MSS and MSI-L groups (P<0.001) (Figures 9F, G).

Besides, we assessed the association between CSCs and the
signature risk score. The results showed no statistically significant
relationship (r = 0.1, p = 0.053). These suggested that the differential
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tumor stemness of patients between the two risk groups was not
significant and that the prognosis of patients with HCC was mainly
influenced by a combination of other factors (Figure 9H).

3.10 Expression and immune infiltration
characteristics of 7 genes in the signature

First, we evaluated the differential expression of the seven genes
in different risk groups, and the results are shown in Figure 10A. We
then explored the association of the seven genes in the training
group and discovered that SLCO1B1 was negatively correlated with
the other six genes and positively correlated with the remaining six
genes (Figure 10B), in accordance with the validation results of the
test group (Figure 10C). In addition, we evaluated the relationship
between seven genes in the signature and immune cells and found
that CD5, CD79A, SNX7, and SLCO1B1 were relatively strongly
correlated with immune cells, especially CD5, CD79A, and
SNX?7 (Figure 10D).
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Next, we explored the expression of these seven genes in HCC
samples and paracancerous tissues using the data and found that
SLCOI1B1 was expressed at low levels in HCC samples (P<0.05)
(Figure 10E), and the differential expression of the remaining genes
was not statistically significant. Therefore, we verified the expression
levels of SLCO1B1 based on qRT-PCR and IHC, which showed low
expression in HCC samples (Figures 10F-H) (Supplementary
Table 7), and the results were in accordance with the data from
TCGA. In addition, through pan-cancer analysis, we further
demonstrated that SLCO1BI1 has a high immune infiltration status
in most tumors, especially in B cells, dendritic cells, CD8+ T cells,
macrophages, Tregs, and T-cell follicular helper cells. In addition,
MI1 macrophages, NK cells, and CD8+ T cells showed significant
infiltration into the HCC (Figure 11). The above results indicate that
SLCOIBL is strongly correlated with M1 macrophages, and inducing
the polarization of the TIME to the tumor-suppressive M1
phenotype is the key to improving the effect of immunotherapy
(42, 43). Therefore, we selected the surface marker CD86 of M1
macrophages and evaluated the localization and expression of CD86
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FIGURE 11

Correlation of SLCO1B1 expression with the level of infiltration of various immune cells in cancers.

and SLCO1BI in the liver tissue by mIF. The results showed that the
expression levels of CD86 and SLCO1B1 in HCC tissues were
downregulated and were positively correlated (Figure 12A).

3.11 SLCO1BL1 inhibits the proliferation,
migration and invasion of HCC cells in vitro

We confirmed low expression of SLCO1B1 in HCC tissues. To
further explore the biological function of SLCO1B1, we first
constructed HCC cell lines overexpressing SLCOIB1 and then
conducted a series of experiments to explore whether SLCO1B1
could regulate tumor cell proliferation and migration. The results of
the colony formation experiments showed that overexpression of
SLCOI1BI inhibited colony formation in HepG2 and Huh7 cells
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compared to the control group (Figure 12B). In addition, the CCK-8
assay showed that the overexpression of SLCOIBI inhibited the
proliferation of HepG2 and Huh?7 cells (Figure 12C). In addition, the
results of the migration experiments showed that overexpression of
SLCOI1BI inhibited the migration ability of HCC cells (Figure 12D).
Collectively, these results suggested that SLCO1BI1 inhibited the
proliferation, migration, and invasion of HCC cells.

4 Discussion

HCC is a highly heterogeneous tumor, with considerable
variation in genomics, transcriptomics, proteomics, and
metabolomics (44). Disulfidptosis is a recently identified pattern
of programmed cell death in which excessive accumulation of
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(A) Representative immunofluorescence images (magnification:

x200) of the SLCO1B1 and CD86 expressions in HCC and normal adjacent tissues

DAPI, 4',6-diamidino-2-phenylindole. (B) Colony formation of control group and Lenti-SLCO1B1 group. (C) The viability of HCC cells at O h, 24 h,
48 h, 72 h was detected by Cell counting kit-8. (*p < 0.5, **p < 0.01, ****P < 0.0001). (D) Wound Healing of control group and Lenti-SLCO1B1 group.

intracellular cystine leads to disulfidptosis. Tumor cells expedite the
reduction of ingested cystine to cysteine to avoid disulfidptosis (45).
Several studies have demonstrated the potential of targeting
disulfidptosis in tumor therapy (6, 8). Additionally, the
immunomodulatory drug dimethyl fumarate (DMF) targets
glycolysis by catalyzing cysteine, which acts as an anti-
inflammatory agent (46). The glycolytic enzyme GAPDH is also
involved in regulating the glycolytic process by catalyzing cysteine
production during the tricarboxylic acid cycle, and many GRGs
have been identified as effective prognostic markers of HCC (47,
48). However, the roles of genes related to disulfidptosis and
glycolysis in HCC has not been well-studied.
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In this study, we explored the correlation between DRGGs and
HCC. Surprisingly, these genes were not significantly mutated in
HCC. However, their differential expression between HCC and
normal tissues is equally important. Subsequently, HCC patients
were divided into two distinct molecular subtypes based on DRGG
expression. The pathological staging and overall survival time of
patients with DRGG cluster B were not satisfactory compared to
those of patients with cluster A. In addition, there were significant
differences in gene expression, pathway enrichment, and immune
cell infiltration between the two subtypes. In particular, patients
with cluster B had lower CD8+ T cell/Treg ratios, leading to a
poorer prognosis, as demonstrated in a previous HCC study (49). In

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1204338
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

addition, by constructing a risk-prognosis signature we found that
patients in the high- and low-risk groups had significant differences
in clinicopathological characteristics and prognosis by constructing
a risk prognosis signature, which would help clinicians evaluate the
prognostic characteristics of patients and formulate targeted
treatment plans.

Several factors influence the expression of prognosis-related
genes in HCC. Among the seven genes used to construct the
signature, SLCO1B1 was expressed at low levels in HCC tissues,
whereas the expression of the remaining genes did not differ
significantly between HCC and normal tissues. However, from a
prognostic perspective, CD5, SLCO1B1, and CD79A have been
demonstrated to have protective value in various tumors, whereas
ETV5, FZD7, SNX7, and SLC1A7 are involved in tumor
progression. The key gene, SLCO1BI, encodes a transporter
protein located on the cell membrane, which is downregulated in
HCC and acts as a mediator of chemotherapeutic drugs, facilitating
drug entry into cells (50, 51). In our study, we observed that the
expression of SLCO1B1 decreased at the mRNA and protein levels
in HCC tissues and was positively correlated with the infiltration of
M1 macrophages. Furthermore, we found that SLCO1BI
overexpression inhibited the proliferation, migration, and
invasion of HCC cells.

The liver is a vital immune organ containing a wide variety of
immune cells. These immune cells play crucial roles in promoting
tumor growth and inhibiting cancer progression. Therefore,
immunotherapy has become a popular topic in tumor treatment.
In this study, we combined the risk score with Spearman’s
correlation analysis of immune cells and an activity analysis of
the anti-cancer response process. We found that M2 macrophages
and neutrophils were highly infiltrated in the high-risk group,
whereas CD8+ T cells, plasma cells, and naive B cells showed low
infiltration and a more active recruitment of neutrophils. In
contrast, T-, Th1, NK killer, and dendritic cells are more actively
recruited in low-risk populations.

Studies have demonstrated that the induction of interleukin 4
and interleukin 13 speeds up the proliferation and metastasis of
HCC cells in M2 macrophages (52, 53). Additionally, neutrophils
play an essential immunosuppressive role in the tumor
microenvironment, promote tumor progression, and serve as
prospective treatment targets for HCC (54). However, CD8+ T
cells mainly mediate tumor cell killing and infiltrate at lower levels
into the tumor microenvironment of HCC (55). Furthermore, naive
B cells, which are the main immune cells involved in adaptive
immunity and assist other immune cells in their anti-cancer role,
have a reduced relative proportion in HCC (56). Patients in the low-
risk group had higher immune scores and significantly more
expressed immune checkpoint-related genes than those in the
high-risk group, indicating that they may be more sensitive to
immunotherapy. Moreover, we found that IFN-y signaling was
significantly enriched in low-risk populations. IFN-y acts as an
anti-tumor factor and plays an immunosuppressive role in tumors
such as melanoma and lung cancer by enhancing the immune
response of T lymphocytes (57). However, the p53 signaling
pathway, cell cycle, microRNAs in cancer, and DNA replication
were significantly enriched in the high-risk populations. In our
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constructed signature, the risk score was consistent with the
expression levels of tumor-infiltrating immune cells and their
immune checkpoints, indicating that the high-risk group had a
stronger immunosuppressive microenvironment that promoted
tumorigenesis and metastasis, leading to a worse prognosis.
Future studies on immune checkpoints may benefit low-risk
groups expected to have a better prognosis.

Our study provides a new direction for personalized targeted
therapy in patients with HCC. However, this study has several
limitations. First, all patient information was obtained from public
databases and previous surgical patients at our hospital, which lacked
representative prospective data. Secondly, the clinical information of
the samples was limited, and some essential factors for determining
patient prognosis, such as alpha-fetoprotein, ascites, portal
hypertension, and postoperative complications, were missing. in the
future, we plan to recruit more patients who meet our criteria at our
hospital for prospective research and improve mechanistic research
to gain an in-depth understanding of the clinical application value of
this signature.

5 Conclusions

Recently, bioinformatics has become increasingly popular in the
medical field. Benefiting from progress in this technology, we
developed a prognostic signature for HCC based on disulfidptosis
and GRGs. The signature showed a strong performance in predicting
patient prognosis and response to immunotherapy, among other
factors. In the future, it will have broad application prospects in the
treatment of HCC. It can identify high-risk patients early and screen
potential patients for immunotherapy to improve their survival. In
addition, we found that SLCO1BI is an important component of this
signature; the gene is under-expressed in HCC and suppresses the
proliferation, migration, and invasion of HCC cells. To some extent,
these findings guide the development of targeted therapies for HCC.
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Objective: Bazhen Decoction (BZD) is a common adjuvant therapy drug for
colorectal cancer (CRC), although its anti-tumor mechanism is unknown. This
study aims to explore the core components, key targets, and potential
mechanisms of BZD treatment for CRC.

Methods: The Traditional Chinese Medicine Systems Pharmacology (TCMSP)
was employed to acquire the BZD's active ingredient and targets. Meanwhile, the
Drugbank, Therapeutic Target Database (TTD), DisGeNET, and GeneCards
databases were used to retrieve pertinent targets for CRC. The Venn plot was
used to obtain intersection targets. Cytoscape software was used to construct an
"herb-ingredient-target” network and identify core targets. GO and KEGG
pathway enrichment analyses were conducted using R language software.
Molecular docking of key ingredients and core targets of drugs was
accomplished using PyMol and Autodock Vina software. Cell and animal
research confirmed Bazhen Decoction efficacy and mechanism in treating
colorectal cancer.

Results: BZD comprises 173 effective active ingredients. Using four databases,
761 targets related to CRC were identified. The intersection of BZD and CRC
yielded 98 targets, which were utilized to construct the "herb-ingredient-target”
network. The four key effector components with the most targets were
quercetin, kaempferol, licochalcone A, and naringenin. Protein-protein
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interaction (PPI) analysis revealed that the core targets of BZD in treating CRC
were AKT1, MYC, CASP3, ESR1, EGFR, HIF-1A, VEGFR, JUN, INS, and STAT3. The
findings from molecular docking suggest that the core ingredient exhibits
favorable binding potential with the core target. Furthermore, the GO and
KEGG enrichment analysis demonstrates that BZD can modulate multiple
signaling pathways related to CRC, like the T cell receptor, PI3K-Akt, apoptosis,
P53, and VEGF signaling pathway. In vitro, studies have shown that BZD dose-
dependently inhibits colon cancer cell growth and invasion and promotes
apoptosis. Animal experiments have shown that BZD treatment can reverse
abnormal expression of PI3K, AKT, MYC, EGFR, HIF-1A, VEGFR, JUN, STATS,
CASP3, and TP53 genes. BZD also increases the ratio of CD4" T cells to CD8* T
cells in the spleen and tumor tissues, boosting IFN-y expression, essential for
anti-tumor immunity. Furthermore, BZD has the potential to downregulate the
PD-1expression on T cell surfaces, indicating its ability to effectively restore T cell
function by inhibiting immune checkpoints. The results of HE staining suggest
that BZD exhibits favorable safety profiles.

Conclusion: BZD treats CRC through multiple components, targets, and
metabolic pathways. BZD can reverse the abnormal expression of genes such
as PI3K, AKT, MYC, EGFR, HIF-1A, VEGFR, JUN, STAT3, CASP3, and TP53, and
suppresses the progression of colorectal cancer by regulating signaling pathways
such as PIZK-AKT, P53, and VEGF. Furthermore, BZD can increase the number of
T cells and promote T cell activation in tumor-bearing mice, enhancing the
immune function against colorectal cancer. Among them, quercetin,
kaempferol, licochalcone A, naringenin, and formaronetin are more highly
predictive components related to the T cell activation in colorectal cancer
mice. This study is of great significance for the development of novel anti-
cancer drugs. It highlights the importance of network pharmacology-based
approaches in studying complex traditional Chinese medicine formulations.

KEYWORDS

Bazhen detection, colored cancer, network pharmacology, molecular docking,
tumor immunity

1 Introduction

CRC is the third most common malignant tumor and the second
leading cause of cancer deaths worldwide. It accounts for 10% of
cancer incidence and 9% of deaths (1). Despite the steady
advancements in screening, diagnosis, and treatment of CRC in
recent years (2-4), the CRC patients’ prognosis remains bleak due to
the absence of early detection, frequent metastasis, and recurrence.
CRC remains a global health issue. Traditional Chinese medicine,
together with surgery, chemotherapy, radiotherapy, immunotherapy,
and targeted therapy, can treat colorectal cancer, according to a
recent pharmacological study. It has been found to effectively impede
cancer progression and enhance the quality of life of cancer patients
(5-7). As a valuable and rich source for advancing modern
pharmacology, traditional Chinese medicine plays a distinctive role
in mitigating adverse reactions in tumor treatment, reducing the
likelihood of recurrence, and enhancing patients’ quality oflife (8, 9).

Frontiers in Immunology

Traditional Chinese medicine has several advantages in treating
tumors, like multi-ingredient, multi-target, and low drug
resistance. Additionally, it has demonstrated promising outcomes
in treating CRC (10). Due to its multi-ingredient and multi-target
nature, traditional Chinese medicine has complex interactions across
its targets, resulting in confusing molecular mechanisms and a gap
between basic research and therapeutic applications. Consequently,
addressing this issue has emerged as a pressing imperative for
advancing traditional Chinese medicine.

Network pharmacology integrates bioinformatics, systems
biology, and pharmacology to reveal the complex relationship
between traditional Chinese medicine and disorders. It also follows
the holistic and comprehensive concepts of Traditional Chinese
Medicine (11, 12). Network pharmacology has updated the “one
target, one drug” model to the “multi-component, multi-target”
model, elucidating complex interactions between drugs and disease-
related targets from a network perspective, providing a possibility for
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us to systematically study the relationship between traditional Chinese
medicine and diseases (13, 14). Molecular docking simulates atomic-
level interactions between small molecule compounds and protein
targets, predicts ligand and receptor conformations, and calculates
affinity to evaluate the combination. This technology is both low-cost
and accurate and is primarily employed for drug design and
elucidation of biochemical pathways (15). In recent years, network
pharmacology and molecular docking technology have been
extensively researched to identify active compounds and
mechanisms of action in Chinese medicine (16, 17).

Traditional Chinese medicine considers the “spleen” an essential
organ that digests and absorbs food. According to modern medicine,
the stomach, small intestine, large intestine, and pancreas depend on
the spleen. Traditional Chinese medicine theory also posits that each
internal organ possesses its unique “qi,” with the spleen serving as
the primary “qi” generation source. Qi is a fundamental substance
that sustains the vital functions of the human body, augmenting
immune defense and physiological processes. Spleen weakness
reduces qi production, which impairs digestion and
gastrointestinal tract immunity. Unhealthy dietary practices can
generate “dampness toxins” that impair the spleen, resulting in
reduced gas production, compromised intestinal immune function,
and eventual cancer development (18). Hence, CRC pathogenesis is
primarily attributed to spleen deficiency and qi deficiency. BZD,
derived from the “Experience Formula of Rui Zhu Decoction,” is a
classic formula with more than 700 years of history. It includes
ginseng, Atractylodes macrocephala, Poria cocos, Angelica sinensis,
Chuanxiong, Paeonia lactiflora, Rehmannia glutinosa, and licorice,
and is known for its ability to nourish qi and blood. Qi and blood
deficit caused by a post-disease imbalance or excessive blood loss are
treated with it. According to a study, BZD improves immune
function and bone marrow hematopoietic function 0 (19, 20).
Recently, it has been extensively employed in immunizing diverse
malignant tumors and as adjuvant therapy for radiotherapy and
chemotherapy, resulting in favorable clinical outcomes. BZD has the
potential to augment the immune function of cancer patients (21-
23), mitigate the toxic side effects of chemotherapy drugs (24, 25),
and enhance patient prognosis (26, 27). BZD treats several cancers,
including CRC, gastric lung, breast, cervical cancer, and acute
lymphoblastic leukemia (27-32). Xu et al.’s clinical investigations
have demonstrated that the combination of BZD and capecitabine,
as opposed to capecitabine monotherapy, can decrease the
likelihood of disease progression in elderly patients with advanced
CRC, provide superior survival advantages, and reduce the incidence
of chemotherapy-related adverse reactions, thereby significantly
facilitating patients’ fatigue and gastrointestinal symptoms (33).
Zhou et al. also revealed that combining BZD and chemotherapy
can improve advanced colon cancer treatment and survival
outcomes (34). BZD’s mechanism in treating CRC is unknown. A
better understanding of the regulatory role of herbs in cancer will
provide new avenues for cancer treatment.

This study employed network pharmacology study examined
BZD’s active components, targets, and mechanism of action in CRC
treatment. The predictions were subsequently validated through
molecular docking and in vitro and in vivo experimental studies.
Additionally, a target network was established to elucidate the
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interaction between drug ingredients and diseases, thereby
providing a foundation for comprehending the mechanism of
action of BZD in treating CRC. The study’s methodology is
depicted in Figure 1.

2 Materials and methods

2.1 Collection of effective ingredients and
targets of BZD

The TCMSP database (https://tcmspw.com/tcmsp.php) was
used to find the chemical components of various drugs in BZD.
This study selected the criteria of oral bioavailability (OB) > 20%
and drug-likeness (DL) 2 0.1 as effective ingredient screening
conditions (35). The active drugs’ target proteins were matched
with TCMID and DrugBank databases, and then these target
proteins were standardized to human species genes through the
UniProt database.

2.2 Collection of CRC targets

The targets for colorectal cancer (CRC) were obtained from four
databases, namely Drugbank (https://go.drugbank.com/) (36),
GeneCards (https://genecards.weizmann.ac.il/v3/) (37), TTD
(https://db.idrblab.net/ttd/) (38), and Dis-GeNET (https://
www.disgenet.org/) (39). The search results from these databases
were integrated, and any duplicate targets were eliminated.

2.3 Intersection target and construction of
“herb-ingredient-target” network

The BZD and CRC intersection target was obtained using R
language version 4.2.1. Integrate herbs, active ingredients, and
intersection targets into Cytoscape 3.8.0 to construct a “herb-
ingredient-target” network (40).

2.4 Analysis of protein-protein interaction

Intersection target of BZD and CRC input to STRING database
(https://string-db.org/), select protein interaction data with a
confidence level (score>0.4), and save it in a TSV format file. The
information of nodel, node2, and combination scores was imported
from the file into Cytoscape software to construct a PPI network
and screened hub genes through the cytohub plugin. The R
language version 4.2.1 be used to draw Sangi diagrams of drugs,
core components, and central genes.

2.5 GO and KEGG enrichment analysis

The “ClusterProfiler” package was employed to conduct GO
and KEGG enrichment analysis on intersecting targets. The
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The flowchart of this study.

visualization of the enrichment analysis outcomes was
accomplished by the “ggplot2” package, while the R language
version 4.2.1 was utilized to generate the bubble chart.

2.6 Molecular docking

The key ingredient’s 3D structural files in SDF format were
obtained from the PubChem database and converted to PDB format
using Open Babel. The 3D crystal structure of the hub gene was also
obtained from the PDB database (https://www.pdbus.org/) and
processed by removing ions and water molecules through PyMol
2.4.0 (41), resulting in PDB files. The essential ingredients and core
targets were translated to PDBQT format to find the active pocket.

Frontiers in Immunology

Finally, molecular docking simulation was conducted using
Autodock Vina software and visualized using PyMol 2.4.0.

2.7 Preparation of BZD
freeze-dried powder

BZD comprises ginseng, atractylodes macrocephala, poria
cocos, licorice, chuanxiong, paeonia lactiflora, rehmannia
glutinosa, and angelica sinensis (Tongren Tang Pharmacy,
Beijing, China) at a dose ratio of 1:1:1:1:1:1:1:1 as per the
Orthodox Tradition of Medicine. Production method: We placed
the above medicinal herbs in pure water, covered the top of the
herbs with pure water, soaked them for 1 h, boiled them for 40 min,
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and then poured out the liquid. Then we added pure water, which
still needed to cover the top of the herb, and boiled directly. After 30
min boiling, we poured out the liquid. Then two types of water
extracts were mixed and filtered with gauze. The supernatant was
concentrated to 300 mL by a rotary evaporator. Freeze the
supernatant overnight at -80°C. The freeze-dried product was
freeze-dried to produce 51g of powder. In in vitro experiments,
we dissolved BZD powder in the required concentration of culture
medium. The negative control used a culture medium without BZD.
In animal experiments, BZD was administered orally to mice.

2.8 Cell culture

The CRC cell lines, namely HCT116, SW620, and MC38, were
procured from Procell Life Science&Technology Co., Ltd. (Procell,
Wuhan, China). The SW620 and MC38 cell lines were cultured in
DMEM medium (Gibco, USA) enhanced with 10% fetal bovine
serum (FBS) and 1% antibiotics (100 U/mL penicillin and 100 pG/
mL streptomycin). HCT116 was maintained in RPMI-1640
medium supplemented with 10% FBS (Gibco, USA) and 1%
penicillin/streptomycin (Gibco).

2.9 Cell proliferation detection

The BZD’s inhibitory effect on human CRC cells was assessed
using CCK-8 (Dojindo, Kumamoto, Japan) reagent. 5000 HCT116
and SW620 cells were seeded per well in a 96-well plate. The cells
are treated with BZD or cell culture medium without BZD for 12,
24, or 48 hours after adhering to the wall. Following treatment, the
tumor cells were washed twice with PBS and incubated with a 1:10
diluted CCK-8 reagent in a serum-free medium. After a 2-h
incubation at 37 °C, 100 uL of the diluted CCK-8 reagent was
added to each well of the cell culture plate. The absorbance of the
cells at 450 nm was observed at three experimental nodes.

2.10 Cell invasion detection

Cell invasion experiments were performed utilizing a 24-well
Transwell plate (Corning, USA). HCT116 and SW620 cells were
added to the Transwell chamber with a pore size of 0.8 um
(BioCoat, 354480), and the invasiveness of the cells was assessed.
Briefly, 600 UL of complete culture media with 10% FBS was applied
to each lower chamber well of the 24-well plate. Subsequently, 2 x
10° cells were treated with 100 uL of resuspended serum-free
culture medium containing varying BZD concentrations (0, 1, 2,
and 4 mg/mL). They were then inoculated in the upper chamber
and cultured in a cell incubator. After 24 h of cultivation, gently
wipe the non-metastatic cells in the upper compartment with a
damp cotton swab. Fixed the cells invading the lower lumen with a
4% paraformaldehyde solution for 30 min and then stained with a
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0.1% crystal violet solution for 20 min. Subsequently, photos were
taken using a microscope and statistically analyzed.

2.11 Cell apoptosis detection

BZD’s effect on colorectal cancer cell apoptosis was examined
using flow cytometry. Logarithmic growth stage HCT116 and SW620
cells were seeded in a 6-well plate at a density of 2 x 10° cells per well.
Following cell adhesion, varying concentrations of Bazhen decoction
(0,1,2,and 4 mg/mL) were administered for intervention. After 24 h,
cells were harvested following the instructions of the membrane-
associated protein V-APC/7-AAD cell apoptosis kit (Elabscience, E-
CK-A218) and analyzed by flow cytometry within 30 min.

2.12 Animal experiments

Female C57BL/6 mice aged 4-6 weeks were obtained from SPF
(Beijing) Biotechnology Co., Ltd. and maintained in an SPF
environment. Following a week of adaptive feeding,
subcutaneously injected 100 pL of MC38 cell suspension with 1 x
10° cells into the right side of each mouse. The experiment
commenced on the 7th day after tumor inoculation, when the
tumor volume reached approximately 100 mm®. The mice were
randomly allocated into two groups: the control group received daily
gavage of sterile water (200 pL), and the BZD group received daily
BZD (200 pL, 6.63 g/kg) for three weeks. The daily dose of BZD was
determined based on the average adult body weight of 70 kg and a
conversion coefficient 9.1 between humans and mice (42, 43). If the
clinical drug dose for a 70 kg adult is X mg/kg, then the dosage for a
20 g mouse would be X mg/kg x 70 kg/0.02 kg x 0.0026. Since the
clinical use of BZD for adults is 1 pair/day (51 g freeze-dried powder),
the drug dose for a 70 kg adult would be about 728.6 mg/kg. By the
above formula, the daily dosage for mice can be calculated as 6.63 g/
kg, and the dosage of BZD for a 20 g mouse is 132.6 mg per day, witha
gavage volume of 0.2 mL. Therefore, 663 mg/mL of sterile water was
prepared to administer BZD. The tumor size was measured every two
days using a digital caliper, and the tumor volume was calculated
using the formula: tumor volume (mm®) = length x width x width x
width x 0.52. Kaplan Meier survival curves were plotted after three
weeks. The mice were euthanized, and their heart, liver, spleen, lungs,
kidneys, and tumor tissues were collected for study. All experimental
procedures were authorized by the Animal Ethics Committee of
Beijing Shijitan Hospital, Affiliated with Capital Medical University
(The ethical approval permit numbers are SJTKY11-1X-2021(59)).

2.13 Quantitative real-time polymerase
chain reaction

The total RNA was extracted from the mice tumor tissues in the
control and the Ba Zhen Decoction group using TRIzol reagent. The
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RNA was then converted into cDNA using TransScript first-strand
cDNA synthesis SuperMix (TransGen Biotech, AT301). Then, qRT-
PCR was performed using SYBR Green Master Mix (Applied
Biosystems, USA). All primers employed for PCR amplification
were designed using the NCBI Primer-BLAST and bought from
Beijing Liuhe Huada Gene Technology Co., Ltd. The primer
sequences are shown in Table 1. The GAPDH gene expression
was determined simultaneously as an internal control. The relative
gene expression was determined using the 2-AACT method. All
samples were run in triplicate. Each primer pair’s specificity was
validated by computer analysis (NCBI primer BLAST) and melt
curve analysis after QPCR amplification.

2.14 T lymphocyte activation

To analyze T cell activation and immune cell phenotype, the
spleen of MC38 tumor-bearing mice was taken, minced, and ground
in a 40-um cell strainer. Then, the single-cell suspension was
collected by filling it with staining buffer (PBS containing 3% FBS).
Cell surface staining was performed by staining the single-cell
suspension with APC-Cy7 anti-mouse CD45, FITC anti-mouse
CD3, PerCP-Cy5.5 anti-mouse CD4, PE-Cy7 anti-mouse CD8, and
BV421 anti-mouse PD-1 antibodies at room temperature for 30
minutes, followed by detection using a flow cytometer. For
intracellular staining of the T cell cytokine IFN-y, the filtered cell
suspension was stimulated with Cell Activation Cocktail (BioLegend,
423303) for 6 h. Then the cells were collected and stained for surface
markers (44-48). Fixation Buffer (BioLegend, 420801) fixed the cells
at room temperature for 20-30 min. After two washes with 1X
Permeabilization Buffer (BioLegend, 421002), the cells were stained
with APC anti-mouse IFN- v for 20 min. After washing the samples
with a staining buffer, they were detected using a flow cytometer. The
data were analyzed and visualized using Flow]Jo software.

TABLE 1 Sequences of PCR primers.

Gene symbol = Accession number

Forward primer (5'-3’)

10.3389/fimmu.2023.1235575

2.15 Pathological and
immunohistochemical testing

To assess the BZD’s safety, tissue samples from mice’s heart,
liver, spleen, lungs, and kidneys were procured, embedded in
paraffin, sectioned, and subjected to hematoxylin and eosin
(H&E) staining. Additionally, tumor samples from each mice
group were obtained, embedded in paraffin, sectioned, and
subjected to immunohistochemical testing by CD3, CD4, CD8,
and Ki67 antibodies. Image-Pro was used to calculate each picture’s
integrated optical density (IOD) and area. Mean density (IOD/area)
was used to analyze protein expression.

2.16 Statistical analysis

The statistical analysis of the data was performed using
GraphPad Prism software V9.0. The t-tests were utilized to
measure the differences between the two groups, while the one-
way analysis of variance (ANOVA) was employed to evaluate the
comparisons between the groups. The experimental data was
presented as mean + standard deviation, with a statistical
significance level of p<0.05. The differences were denoted as ns, P
> 0.05,* p < 0.05, ** p < 0.01, and ** p < 0.001.

3 Results
3.1 Active ingredients screening

The TCMSP database provided the drug’s active components
using ADME screening conditions. The database yielded 69
ginseng, 19 atractylodes macrocephala, 19 poria cocos, 11 angelica
sinensis, 35 ligusticum chuanxiong, 28 paeonia lactiflora, 24

Reverse primer (5'-3’) Amplicon size

Gapdh NM_001289726.2 AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 147
Pik3rl NM_001024955.2 TGGACTATGGAAGACCTGGACTTAGAG TTGTTGTTCATGCTGTTGTTGGCTAC 149
Aktl NM_001165894.2 ATGAACGACGTAGCCATTGTG TTGTAGCCAATAAAGGTGCCAT 116
Myc NM_001177352.1 CCCTATTTCATCTGCGACGAG GAGAAGGACGTAGCGACCG 185
Casp3 NM_001284409.1 ATGGAGAACAACAAAACCTCAGT TTGCTCCCATGTATGGTCTTTAC 74

Esrl NM_001302531.1 CCCGCCTTCTACAGGTCTAAT CTTTCTCGTTACTGCTGGACAG 76

Egfr NM_007912.4 GCCATCTGGGCCAAAGATACC GTCTTCGCATGAATAGGCCAAT 101
Hifla NM_001313919.2 CCACAACTGCCACCACTGATGAA TGCCACTGTATGCTGATGCCTTAG 138
Vegfa NM_001025250.3 GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT 105
Jun NM_010591.2 TTCCTCCAGTCCGAGAGCG TGAGAAGGTCCGAGTTCTTGG 133
Stat3 NM_011486.5 GCTTGGGCATCAATCCTGTGGTAT GCTTGGTGGTGGACGAGAACTG 136
Trp53 NM_001127233.1 CACAGCACATGACGGAGGTC TCCTTCCACCCGGATAAGATG 101
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rehmannia glutinosa, and 126 glycyrrhiza uralensis ingredients. The
database also provided 258 ingredient target genes.

3.2 CRC targets acquisition

Briefly, 104, 77, 390, and 353 targets were obtained from TTD,
Drugbank, GeneCards, and DisGeNET databases, respectively.
After merging and removing duplicates of disease targets from
the four databases, 761 colorectal cancer-related targets were
retained (Figure 2A).

3.3 “"Herb-ingredient-target”
network construction

The BZD’s component action targets were intersected with
targets correlated to colorectal cancer, identifying 98 intersecting
targets (Figure 2B). Subsequently, 173 effective ingredients, 98 cross
targets, and individual drug names that BZD can act on colorectal
cancer targets were imported into Cytoscape 3.8.0 to construct a
“herbal- ingredient -target” network (Figure 3).

Nodes with greater degree values may be essential in a network.
Quercetin displays the highest number of targets, encompassing 73
potential targets, followed by kaempferol, licorice ketone, and
naringin, with 22, 16, and 15 targets, respectively. BZD’s key
ingredients may be these active compounds with more targets.
Table 2 presents the top 10 active ingredients in the degree ranking.

3.4 Protein-protein interaction analysis of
intersection targets

Ninety-eight intersection targets of BZD and CRC were
imported into the STRING 11.0 database (https://www.string-
db.org/) for analysis, acquiring a PPI network of intersection
targets between BZD and CRC. The network comprises 98 nodes
and 1835 edges. Nodes indicate intersecting targets, while edges
express associations between them. Cytoscape 3.8.0 was employed

DisGeNET

GeneCards

Drugbank

FIGURE 2

10.3389/fimmu.2023.1235575

to present the PPI network diagram (Figure 4A), while the
Cytohubba plugin was utilized to compute the target set for
further refinement of the core targets. The top 10 hub genes in
degree ranking, AKT1, MYC, CASP3, ESR1, EGFR, HIFIA,
VEGFA, JUN, INS, and STAT3, were identified (Figures 4B, C).
The Sankey diagram also showed the link between BZD, the four
basic components, and the ten core genes (Figure 4D).

3.5 GO and KEGG enrichment analysis of
intersecting targets

The key biological functions of BZD in treating CRC were
determined by utilizing GO and KEGG enrichment analysis. The
bubble plots of the top 10 biological processes (BP), cellular
composition (CC), and molecular function (MF) in GO analysis are
presented in Figures 5A-C. The biological processes focus on cell death
signals and oxidative stress responses. In contrast, the cellular
composition changes are mostly related to membrane rafts,
membrane microregions, and cyclin-dependent protein kinase
holoenzyme complexes. The MF modifications primarily focused on
binding with ubiquitin-like protein ligase, RNA polymerase II
transcription factor, ubiquitin protein connexin, and protein
phosphatase. Through KEGG pathway enrichment analysis, 165
signal pathways were identified. The KEGG enrichment analysis
indicates that the PI3K-AKT, T cell receptor, P53, and VEGF
signaling pathways could potentially serve as crucial pathways for
treating colorectal cancer with BZD, as illustrated in Figure 5D.

3.6 Molecular docking

Molecular docking was performed on four core ingredients
(quercetin, naringenin, licochalcone A, kaempferol) and 10 hub
genes (AKT1, CASP3, EGFR, ESRI, HIF1A, INS, JUN, MYC,
STAT3, and VEGFR) to assess the protein-ligand binding potential.
Affinity refers to the capacity of a ligand to bind with receptors, and a
higher absolute affinity value indicates a stronger binding ability (with
a negative value). Figure 6 illustrates the binding energy of the core

Bazhen Decoction CRC

Intersection Target of CRC and Ingredient Action Target of BZD with CRC. (A) Venn diagram displaying CRC-related targets among the four

databases. (B) Venn diagram of the intersection target of BZD and CRC.

Frontiers in Immunology 176

frontiersin.org


https://www.string-db.org/
https://www.string-db.org/
https://doi.org/10.3389/fimmu.2023.1235575
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

MOLO014:
5 oL

10.3389/fimmu.2023.1235575

MOLO0SE:
MOL004885 MOL000239
MOLOOKS74 MOL004S03 M.AB
MOL0O4810 MOLO04g57 Mol 7 N 18 e
MOLO0815 MOLOO4S7B Volooo211 Volooos22
MOLO00S00 MOLOO4961 MOLO04349 M‘S* M‘W
MOLO04833. ! g MOLO03656
MoLoo2144 MOLO0OY31 M 5 oo
MOL004388 003896
MOLO0S012 N MOLO04g15
MoLoegsy - ML MOL0S24, 1\ oLoodss M.m M.«z
MOLOO1762  MOL004808 MOLOOS017 | MOLOOSO16 o k' ol
MOLOO4g04 R MOLO04835 Common Ingredients MQLO0DRs7 M
oI MOLODOSS4  MOLOD4SST YRR P )
MOL0D4848 MOL004829 MOL000263 MOLO00T8 anax ginseng.
MoLGO4as6 MOLOD4EB4 MOLOO4SS0 0 005000 M‘b? M“S
oo MOLO04941 MOL004814. MR Mot Magheeo9
MoLOO2565 woLondge 191004 N u.z M‘m
MOLOO1789 MoLo0DG7
MOLOOS20 - MOL004%68
MoLoo4gt2 MOLOO0392 MOLO4911. o084 M M 3
10L005003
MOLOGASS 10100457 Woloodgop - MOLOVST M.?I M.“
MOLOX417 R MOL004820
icoricy ¢
WoLsss MOLO0E2T MOLODKESS e o
MOL004931 MOL004864 MOLO04824 MOL004335
004835 MOLO04838 MOLO04348
Mo MOLOO4S! 401005008 MOLOOS!  coiza1 RUNXITI ADIPOQ  MAPKB  NQOT  PARP1  HIF1A  ABCCI  AKTI
MOLO0S018 S
HOL otooi ICAMI NFEZ2 RAF1  RBt  UGTIA1 SIC2A1 RELA CASP3  PGR M‘ﬁ
MOL0048E3
VoS ABCG2 TOP1 CONDI APOB  FOS 7  CASPS TOPA  ODCI u
MOL004910 MOLO004879
MOUOAE4L = MLO36D STAT3  FASN GSKIB PRSS! LA NFKBA MAPKI PPARG  IFNG P :
MOL004980 Angelica sinensis
TP MAPK3 AR U6 NRIC2 ERBE3 CONBI  EGF  ESRI
Nos2 GF2 2 ILiO  IGFBP3 HSPB1 MMPS  PLG  CONA
B e
‘w GSTWi CTSD  BRCS MMP2  INS  CHEKI GSTP1 PRKCA ~ACPP
MOLOOGTI7  MOL003709
M.7 M.aa PRKGB COKNMIA  CRP  MAPKI4 CYPIBt CASPe ADHIB  E2Ff  ciels
BOL2L1 CTNNAT PO  ESR2 1B CYPIAT  JUN. RASSFI  WYC Radix Rehmanniae
Atractylodes macrocephala Koidz EGFR CTNNB! ERBB2 KR  VEGFA CYPIA2 BAX PP CAVs Wi v
b K LAV STATT  BOl2 T  CHEK2 AGACA NP1  PIGS?
MOLO03ESS
@ o @
M'IS MOLO01E9
QL0245
gLoo2leo MoLoote1e MOLO0s612
M.““ M‘“ Paeoniae Radix Alba
M'w M‘m MOLOO1924 MOL0O1889
MOLO0D2SS MOLOOD4S2
M‘aa Chuanxiong M'zn MOLOOOZTS  MOLOOO273
MOLO0O279 MOL000284

FIGURE 3

o @
7

&.9-®
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ingredients docked with the hub genes. The findings indicate that
quercetin exhibits favorable docking effects with ESR1, HIF-1A, JUN,
and STAT3, with respective binding energies of -8.5, -8.0, -8.2, and -8.2

TABLE 2 The top ten ingredients in the herbal ingredient CRC target
network.

Mol ID Degree Molecule name
MOL000098 73 quercetin

MOL000422 22 kaempferol
MOL000497 16 licochalcone A
MOL004328 15 naringenin
MOL000354 13 isorhamnetin
MOL004966 13 3’-Hydroxy-4’-O-Methylglabridin
MOL002135 12 Myricanone
MOL001789 12 isoliquiritigenin
MOL000392 12 formononetin
MOL004828 12 Glepidotin A
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kcal/mol. Naringenin’s binding energies of -8.8 and -8.2 kcal/mol with
ESR1 and JUN are favorable.

Similarly, Kaempferol demonstrates a favorable docking effect with
HIF-1A, STAT3, ESR1, and JUN, with corresponding binding energies
of -8.0 kcal/mol, -8.0 kcal/mol, -8.2 kcal/mol, and -8.1 kcal/mol,
respectively. The molecular docking models are depicted in a 3D
diagram using PyMol 2.4.0. Figure 7 illustrates the interactions
between quercetin and ESR1, HIF-1A, JUN, and STAT3. Figure 8
showcases the interactions between naringin and ESR1, JUN, and the
interaction between kaempferol and HIF-1A and STATS3.

3.7 In a time- and dose-dependent
manner, BZD suppresses the proliferation
and invasion of CRC cells while facilitating
their apoptosis

CCK-8 assays measured the proliferation of CRC cell lines HCT116
and SW620 treated with different BZD doses. Ten concentration
gradients were used, which are 0, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, and
32 mg/mL. The findings indicate that BZD effectively suppressed the
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FIGURE 4
PPl analysis of the intersection target between BZD and CRC. (A) PPI interaction network between BZD and the intersection target of CRC.
(B, C) The top 10 core genes were obtained from PPI network analysis. (D) The Sankey diagram reveals the relationship between BZD, core
ingredients, and central genes.

CRC cells’ activity in a dose- and time-dependent manner, as illustrated
in Figure 9A.

Furthermore, the impact of varying concentrations (0, 1, 2, 4
mg/mL) of BZD on the invasion capacity and apoptotic rate of the
two CRC cell lines was assessed. The findings indicated that BZD
exhibited a dose-dependent suppression of CRC cell invasion
(Figure 9B) and promoted apoptosis of CRC cells (Figure 10).

3.8 BZD inhibits tumor progression in mice

An MC38 tumor-bearing mouse model was created to test
BZD’s CRC treatment efficacy. Figure 11A shows the mice’s

Frontiers in Immunology

experimental protocol. Following three weeks of consistent oral
administration of BZD, a noteworthy reduction in subcutaneous
tumor volume was observed in the BZD group compared to the
sterile water group (p < 0.001; Figure 11B), as illustrated by the
tumor volume curve in Figure 11C. After 21 days, the control group
had a mean tumor size of 1703.15 mm?>, while the BZD group had
760.94 mm’ (Figure 11D). On day 28, the mice were humanely
euthanized to obtain the tumor. The average tumor weights for the
control and BZD groups were 2.32 and 1.13 g, respectively
(Figure 11E). H&E staining of the heart, liver, spleen, lungs, and
kidneys showed no significant differences between experimental
groups (Figure 12), demonstrating that BZD is non-toxic and does
not damage tissue. Consequently, the BZD intragastric
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GO, and KEGG analysis determine the key biological processes of BZD in treating CRC. (A—C) GO enrichment analysis results in biological processes
(BP), cellular ingredients (CC), and molecular functions (MF). (D) KEGG enrichment analysis results.

administration effectively suppressed the development of
subcutaneous tumors in MC38 mice.

3.9 The effect of BZD on key genes and
KEGG pathway-related genes

To test whether BZD can prevent colorectal cancer growth by
altering the core genes in the network pharmacology analysis results
and the KEGG enrichment pathway-related genes, RT-qPCR was
used to measure target protein mRNA expression levels in tumor
tissues of NC and BZD group mice. The BZD group had significantly
lower Pik3rl, Aktl, Myc, Esrl, Egfr, Hifla, Vegfa, Jun, and Stat3
mRNA expression levels than the NC group, according to PCR data.
Compared to the NC group, the expression levels of Casp3 and Trp53

in the BZD group were significantly increased. There was no
difference in the mRNA expression levels of Esrl between the NC
and BZT groups’ tumor tissues (Figure 13). Network pharmacology
analysis results show that BZD can prevent colorectal cancer
progression by acting on critical core genes and KEGG enrichment
pathways. Moreover, these core genes (Pik3rl, Aktl, Myc, Egfr,
Hifla, Vegfr, Jun, and Stat3) are closely related to the tumor
immune microenvironment, exclusively T cell immune function.

3.10 BZD induces T cell activation in
tumor-bearing mice

BZD, a traditional formula in the “Fuzheng Guben” treatment
principle, can supplement qi, nourish the blood, and enhance the

licochalcone a

AKTI  CASP3  EGFR  ESRI MYC  STAT3

FIGURE 6
Heatmap of the binding energy of molecular docking between 4 core ingredients and 10 core targets.
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FIGURE 7

Molecular docking model 3D diagram. Quercetin binds to ESR1 (A), HIF-1A (B), JUN (C), and STAT3 (D).

immune system. To clarify the mechanism of the BZD anti-tumor
effect, we conducted a flow cytometric analysis of spleen tissues from
two groups of mice. The results showed that compared to the control
group, BZD increased the proportion of CD3"CD4" and CD3*CD8" T
cells in the spleen (Figures 14A, B, G) and decreased the proportion of
exhausted T cells (CD4"PD-1" and CD8"PD-1"T cells) in the spleen
(Figures 14C, D, H). Furthermore, BZD promoted the activation of
CD4"and CD8" T cells in the spleen and increased the level of IFN-yin
the body (Figures 14E, F, I). These data imply that BZD can reduce the
number of exhausted T cells in the spleen of tumor-bearing mice and
upregulate IFN-y to elicit an anti-tumor immune response by
infiltrating and activating effector T cells.

Frontiers in Immunology

3.11 BZD promotes T-cell infiltration in
tumor tissue of tumor-bearing mice

To further explore the BZD effects on the tumor
microenvironment, we performed immunohistochemical staining
on the tumor tissues of two groups of mice. In mice’s tumor tissues,
the BZD group had more CD3", CD4", and CD8" T cells than the
control group. Moreover, the Ki67 staining in the control group was
enhanced, indicating that BZD inhibited tumor cell proliferation
(Figure 15). The results indicate that BZD can promote T cell
infiltration in tumor tissues, enhance anti-tumor immune response,
and suppress colorectal cancer progression.
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FIGURE 8

Molecular docking model 3D diagram. Naringin binds to ESR1 (A) and JUN (B), while kaempferol binds to HIF-1A (C) and STAT3 (D).

4 Discussion

CRC accounts for 10% of all cancer cases, ranking third in men
and second in women (49, 50). In 2020, there were an estimated 1.9
million new cases and 900,000 deaths globally, rendering it the
second leading cause of cancer-related deaths. CRC incidence,
mortality, and healthcare services are global public health issues
(51). At the time of diagnosis, approximately 20% of CRC patients
have already experienced metastasis, and 50% of early-stage patients
will eventually develop metastasis (52). Locally advanced rectal and
metastatic colorectal cancer (CRC) patients have a poor long-term
prognosis, and CRC treatment remains difficult (53). Current
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treatment modalities involve a multimodal approach, including
surgery, radiotherapy, and chemotherapy. However, despite these
interventions, recurrence, and metastasis rates remain high.
Traditional Chinese medicine has a long history of effectiveness
in treating complicated ailments like severe infectious diseases,
cardiovascular diseases, and malignant tumors. Traditional
Chinese medicine’s characteristics encompass many ingredients,
targets, and synergistic effects. Inducing cell apoptosis and
autophagy, inhibiting tumor cell proliferation, suppressing
epithelial-mesenchymal transition and angiogenesis, modulating
chemotherapy resistance, tumor metabolism, and tumor immune
regulation may treat colorectal cancer (54-56). In contrast to the
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adverse effects associated with chemotherapy drugs, including bone
marrow suppression, reduced blood cell count, gastrointestinal
reactions, liver function impairment, and alopecia, the use of
traditional Chinese medicine for treating colorectal cancer
exhibits a lower incidence of side effects and drug resistance
(57, 58).

BZD, a classic formula utilized in the treatment principle of
“Fuzheng Guben,” has been observed to possess the ability to
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nourish qi and blood. Clinical studies have demonstrated its
efficacy in treating various solid tumors. BZD’s mechanism in
CRC treatment is unknown. This study is the first to employ
network pharmacology and molecular docking to anticipate the
core components, core targets, and likely mechanisms of BZD in
colorectal cancer treatment. Subsequently, the in vitro anticancer
effect of BZD was validated using two human colorectal cancer cell
lines (HCT116 and SW620). Subsequently, we proceeded to validate
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BZD promotes apoptosis of colon cancer cells in a dose-dependent manner. (A) Flow cytometry revealing that BZD can dose-dependently induce
apoptosis in HCT116 and SW620 cells. (B, C) Histogram showing that BZD can induce apoptosis in HCT116 and SW620 cells in a dose-dependent

manner. **P < 0.01, ***P < 0.001.

the BZD efficacy in inhibiting the progression of colorectal cancer
in vivo using the MC38 subcutaneous tumor mouse model. We used
qRT-PCR to assess gene expression changes in tumor tissues from
the control and BZD groups to understand the processes.
Additionally, we conducted flow cytometry analysis of the spleen
and immunohistochemistry of the tumor tissue to investigate
further the relevant mechanism of BZD in treating colorectal
cancer. Finally, we evaluated the BZD organ toxicity through
HE staining.

In this study, we screened each herb in BZD through ADME to
obtain active drug components. Additionally, 258 drug targets were
retrieved from databases. We obtained 761 targets correlated to
colorectal cancer from the TTD, Drugbank, GeneCards, and
DisGeNET databases. By intersecting the targets of drug
components with those of colorectal cancer, we obtained 98
overlapping targets. In the herb-ingredient-target network,
quercetin, kaempferol, licochalcone A, naringenin, isorhamnetin,
3 - Hydroxy-4" - O-Methylgabridin, Myricanone, isoliquiritigenin,
formonetin, and Glepidotin A have more therapeutic targets for
colorectal cancer than other ingredients; thus, they may be the core
effector components of BZD in treating colorectal cancer.
Quercetin, kaempferol, licochalcone A, naringenin, isorhamnetin,
myricanone, and isoliquiritigenin are flavonoid compounds, while
formononetin belongs to the isoflavone class. To fight cancer,
Quercetin regulates several biological processes, including cell
death, autophagy, angiogenesis, metastasis, cell cycle,
proliferation, and anti-tumor immune activation (59-64).
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Quercetin weakens the inhibitory effect of PD-L1 on T cells by
inhibiting the PD-1/PD-L1 interaction, promoting the CDS,
GZMB, and IFN-y expression in mouse tumor tissues, and
enhancing the anti-tumor immune response (65). Kaempferol is a
major flavonoid glycoside with multiple anti-cancer mechanisms
(66). Tt can cause G2/M phase arrest and block cell death in
colorectal cancer cells, preventing their proliferation (67).
Furthermore, kaempferol can enhance the anti-tumor immune
response, synergistically creating a favorable tumor immune
microenvironment with radiotherapy and chemotherapy (68).
Kaempferol can also enhance anti-tumor immune function by
targeting multiple immune-related molecules (69). Kaempferol
treatment effectively prevents the decrease of CD4" T cells and
CD8" T cells in mouse blood induced by cold stress (70).
Kaempferol increases NKT and CD8" T cells and decreases
MDSC cells, preventing mouse tumor growth (71). Furthermore,
kaempferol is vital in overcoming 5-Fu resistance by inhibiting the
glycolysis process in resistant colorectal cancer cells (72).
Licochalcone A can inhibit the colorectal cancer cell line HCT116
proliferation by promoting GO/G1 phase arrest, cell apoptosis, and
high ROS production (73). Licochalcone A reduces DNA synthesis
dose-dependently, thereby inhibiting the mouse colon cancer cells’
CT-26 proliferation and alleviating liver and kidney function
damage caused by cisplatin treatment (74). LCA increases T cell
anti-tumor efficacy by decreasing PD-L1 expression (75).
Licochalcone A therapy can boost cytotoxic T lymphocyte activity
and kill tumor cells (76). Other studies have shown that
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licochalcone A promotes T and B cell proliferation in mice’s spleen
and whole blood by activating the IL-17 signaling pathway and
improving cognitive ability (77). Naringenin can inhibit cancer
progression through various mechanisms, like inducing apoptosis,
cell cycle arrest, inhibiting angiogenesis, and modifying various
signaling pathways, including Wnt/B- Catenin, PI3K/Akt, NF- kB
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FIGURE 12

Organ toxicity of BZD. Two groups of mice were euthanized at the end of treatment, and their hearts, liver, spleen, lungs, and kidneys were removed

for HE staining to evaluate organ toxicity (scale: 100 mm).
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and TGF- B Pathway (78). Naringenin can enhance CD169
macrophages in lymph nodes of mice with oral squamous cell
carcinoma (OSCC) and suppress tumor growth through T-cell-
mediated anti-tumor immune activity (79). Moreover, in the mouse
colon adenocarcinoma model, Naringenin induced more CD103
DC to infiltrate the tumor, promoted the CD8" T cell activation,

Kidney

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1235575
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.
Pik3r1 Akt1
1.5+ 1.5
c c
K 9
[} [}
2 4
2 1.0 g 1.0
o o
< <
z z
£ *k £
0.5-] 0.5
2 2 Hokok
K] K]
& &
0.0- 0.0-
NC  BzD NC  BZD
Esr1 Egfr
1.5+ 1.5
s ns s
73 3
3 $
2 1.0 £ 1.0
o )
< <
4 4
E 054 £ 0.5
2 2
K 3 Kok
I3 &
0.0- 0.0-
NC  BZD NC  BzD
Jun Stat3
1.5
5 18
I3
£ 1.0+ 2
H g 1.0
< 3
5 0.5 * % £ . kK k
2 2
5 K
& 0.0 E
.0- 0.0
NC  BzZD NC  BzD
FIGURE 13

10.3389/fimmu.2023.1235575

Myc Casp3
1.5 8-
c c
] o * %k %k
A ?
e 9 64
g 107 g
s 3 4
£ £
5 0.5 *k .
2 2 24
] 3
] K]
4 o
0.0- o—j—.—
NC  BzD NC  BzD
Hif1a Vegfa
1.5+ 1.5+
c c
S S
I3 0
H 4
g 1.0 £ 1.0
L) o
< <
z z
£ £
e 0.5 % K 0.5
2 £ *kk
3 &
0.0- 0.0-
NC  BZD NC  BZD
Trp53
10
c
2 Kk
o 8-
o
-
3 64
<
z
£ 4
3
2
5 29
[7]
['4
Lom
NC BzD

Effect of BZD on Key Genes and KEGG Pathway-Related Genes. Compared to NC group, mRNA expression levels of Pik3rl, Aktl, Myc, Esrl, Egfr,
Hifla, Vegfa, Jun, and Stat3 in BZD group were significantly reduced, while the levels of Casp3 and Trp53 were significantly increased. There was no
significant difference in Esrl expression between BZD and NC groups. ns: P > 0.05, **P < 0.01, ***P < 0.001

and enhanced the performance of the E7 vaccine against TC-1
mouse cancer treatment (80). After breast cancer surgery,
naringenin therapy reduces lung metastases and extends mouse
life. Flow cytometry demonstrated that Naringenin-treated mice
had less regulatory T cells, activated CD8" and CD4" T cells, and
IFN-y. The secretion level of IL-2 has significantly increased (81).
Isorhamnetin can block the cell cycle, inhibit proliferation and
induce apoptosis by down-regulation of the Bcl-2 gene,
upregulation of the Bax gene, inhibition of telomere activity, and
reduction of related protein expression (82). Myristone induces
apoptosis in two types of cancer cells (HeLa and PC3) by activating
caspase and downregulating NF-KB and STAT3 signaling cascade
inhibits tumor cell proliferation (83). Myristone has a significant
dose-dependent sexual inhibition effect on human lung cancer cell
A549 and can promote the apoptosis of lung cancer cells (84).
Myristone causes HepG2 apoptosis through ROS generation,
mitochondrial membrane depolarization, early cytochrome c
release, HSP70 downregulation, and caspase cascade activation
(85). Isoliquiritigenin is a natural pigment with a simple Chalcone
structure, which can be separated from the root of licorice and is
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considered a potential Natural product. It is reported that
isoliquiritigenin has therapeutic potential for many cancer cell
lines, including leukemia, gastrointestinal, breast, colon, ovarian,
lung, and melanoma (86). Isoliquiritigenin mediates HIF-1 o
stability and inhibits the glycolysis of colorectal cancer cells,
thereby inhibiting the proliferation of colon cancer cells (87).
Isoliquiritigenin affects the metabolic pathways of tumor cells and
inhibits colorectal cancer growth by triggering cell cycle arrest,
apoptosis, and autophagy and altering tumor cell metabolism (86,
88). Formononetin is a common component in legumes,
particularly rich in Trifolium pratense L. and Astragalus
membranaceus. Formononetin can inhibit tumor cell proliferation
by inducing cell cycle arrest and induce cell apoptosis by regulating
Bax, Bcl-2, and caspase-3 proteins. Moreover, formononetin
inhibits cell invasion by regulating Vascular endothelial growth
factor (VEGF) and Fibroblast growth factor 2 (FGF2).
Anthocyanin’s anticancer properties can be enhanced by
synergistic effects with other chemotherapy drugs (89). Other
studies have shown that formononetin enhances T cells” activity
and killing ability by inhibiting the PD-L1 expression on the cell
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BZD plays an anti-tumor role by significantly increasing the number of tumors infiltrating lymphocytes (TIL) in the body and promoting the activation
of T cells. (A, B, G) BZD increased the number of CD3"CD4"* T cells and CD3*CD8" T cells in the spleen. (C, D, H) BZD reduced the number of
CD4*PD-1" T cells and CD8*PD-1" T cells in the spleen. (E, F, I) BZD facilitates the activation of CD4+ and CD8+ T cells within the spleen and

increases the levels of IFN-y within the body. **P < 0.01, ***P < 0.001

surface, thereby inhibiting tumor proliferation, angiogenesis,
migration, and invasion (90). However, there are no reports on
treating cancer with the two active ingredients, 3 ‘- Hydroxy-4 - O-
Methylgabridin and Glepidotin A, which need to be explored in
future research. Besides inhibiting the proliferation and invasion of
colorectal cancer cells and promoting colorectal cancer cells
apoptosis, the five core effector components (quercetin,
kaempferol, licochalcone A, naringenin, and formaronetin) of
BZD can also enhance the immune function against colorectal
cancer by promoting the T cells activation and killing ability.

In the PPI network, we identified 10 key genes, namely AKT1,
MYC, CASP3, ESR1, EGFR, HIF-1A, VEGFA, JUN, INS, and
STAT3, which may be the core targets of BZD therapy for CRC.
AKT1, a proto-oncogene in the serine/threonine kinase family,
regulates tumor cell proliferation, survival, and metabolism through
inflammation and metabolism-related signaling pathways (91).
About 70% of colorectal cancers exhibit highly activated AKT,
closely associated with cancer development. Abu-Eid found that
after using AKT inhibitors, tregs were more susceptible to
inhibition, increasing the number of CD8"* T cells in tumor tissue
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and improving control of tumor lesions (92). Modified-Bu-zhong-
yi-qi decoction (mBYD) directly enhances T lymphocyte
proliferation and activation by blocking the PI3K/AKT signaling
pathway and suppressing cancer cell PD-L1 expression, ultimately
preventing gastric cancer growth (93). The MYC oncogene is part of
the gene superfamily, and its product is commonly activated in
human cancers (94, 95). The mechanisms by which MYC activation
promotes tumor progression mainly involve cell proliferation, cell
invasion, metabolic reprogramming, genomic instability,
angiogenesis, and immune evasion (96, 97). MYC can reshape the
tumor microenvironment, evading host immune responses (98).
Myc inhibitors decrease the stable state of regulatory T (Treg) cells
in tumors and the differentiation of resting treg (rTreg) to activated
Treg (aTreg), which activates CD8"T cells and induces anti-tumor
immune response (99). Cysteine Aspartic protease 3 (CASP3)
serves as the primary mediator of apoptosis in tumor cells when
exposed to cytotoxic drugs, radiotherapy, or immunotherapy,
making it a commonly employed marker for assessing the efficacy
of cancer treatment. Targeting CASP3 therapeutically increases
tumor cell sensitivity to chemotherapy and radiotherapy and
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inhibits cancer cell invasion and metastasis (100). Studies have
shown that ESR1 mutations can promote tumor progression and
metastasis. During treating metastatic estrogen receptor (ER)
positive breast cancer with Aromatase inhibitors, ESR1 mutations
are a common mechanism of hormone therapy resistance (101).
Epidermal growth factor receptor (EGFR) is key for cell
proliferation, differentiation, and survival (102). EGFR is
overexpressed in 25-77% of colorectal cancer, which is related to
the poor prognosis of cancer patients (103-105). Besides directly
promoting tumor cell proliferation, EGFR can also serve as a
modulator for tumor immune monitoring, promoting the PD-L1
expression by activating the JAK/STAT3 signaling pathway,
inducing T cell apoptosis and immune escape. EGFR Tyrosine
kinase inhibitors (TKIs) can enhance the effect of MHC class I and
II antigens on IFN-y to increase CD8'T cells and DC cells levels,
eliminate FOXP3"Tregs, inhibit Macrophage polarization to M2
phenotype, and reduce the PD-L1 expression in cancer cells (106).

HIF-1o is a transcription activator that is reliant on oxygen
levels. Through various mechanisms, including angiogenesis,
cellular proliferation and survival, metabolic reprogramming,
invasion and metastasis, maintenance of cancer stem cells,
induction of genetic instability, and resistance to therapeutic
interventions, the upregulation of its downstream genes
contributes to the growth of tumors. Consequently, modulating
the downstream signaling molecule of HIF-l1a presents an
opportunity to regulate the initiation and progression of tumors
(107). Hypoxia increases the PD-L1 expression and induces
apoptosis of cytotoxic T lymphocytes (CTLs), thereby promoting
the immune escape of tumor cells (108, 109). According to research
findings, the inhibitor echinocandin of HIF-1 o has been observed
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to augment the immune tolerance function of the PD-1/PD-L1
checkpoint in normal tissues. Additionally, it has been found to
enhance both the quantity and efficacy of Tumor-infiltrating
lymphocytes, thereby leading to a safer and more efficacious
approach to immunotherapy (110). VEGF-A is a highly
conserved secretory signaling protein known for its role in
vascular development and angiogenesis (111). Targeting VEGF is
a feasible strategy for preventing tumor growth and metastasis
(112). Research has indicated that VEGF-A is critical in triggering
tumor immunosuppression and boosting angiogenesis. VEGF-A
encourages immune-suppressive cell growth, prevents T-cell
infiltration of malignancies, and encourages T-cell depletion
(113). In a mouse model of colorectal cancer (CT26) targeting
VEGER therapy, it was found that targeting VEGF-a-VEGFR can
reduce the co-expression of inhibitory receptors (PD-1, Tim-3,
CTLA-4, and Lag-3) related to T cell failure and restore the CD8"
T cells infiltration into the tumor to produce IFN- v ability (114). In
mice, Sunitinib increased the CD4" and CD8" T cells proportion in
Tumor-infiltrating lymphocytes (115). C-Jun is the most widely
studied protein in the activator protein-1 (AP-1) complex and
participates in many cell activities, like proliferation, apoptosis,
survival, tumorigenesis, and tissue Morphogenesis (116). As an
early stage of human colorectal cancer development, adenomas and
adenocarcinomas have significantly higher levels of c-Jun protein
expression (117). JNK1 is highly expressed in HCT116 colon and
PANCI1 pancreatic cancer cells. Using licorice chalcone A or
knocking down JNK1 expression can inhibit the proliferation and
colony formation of colon cancer and pancreatic cancer cells (118).
STATS3 is a tumor-promoting oncogene shown in several tumors
and is intimately linked to inflammation and immunity (119). In
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the adaptive immune subgroup, elevated STAT3 activity can inhibit
the aggregation of effector T cells, thereby inhibiting their anti-
tumor effects (120-122). Targeting STAT3 may reduce tumor cell-
intrinsic proliferation, increase tumor-inﬁltrating immune cell anti-
tumor activity, and improve TME immune suppression (123). The
molecular docking results indicate that the central genes and core
components possess significant binding potential, indicating that
BZD could inhibit colorectal cancer progression by targeting these
key genes.

GO enrichment analysis shows that BZD treats colorectal
cancer by regulating biological processes like cell proliferation,
apoptosis, energy metabolism, and immune response. KEGG
enrichment analysis results showed that PI3K-AKT, T-cell
receptor, P53, and VEGF signaling pathway may be the potential
key pathway of BZD in treating colorectal cancer. Numerous cancer
forms hyperactivate or modify the PI3K-AKT signaling system,
which controls cellular activities like survival, proliferation, growth,
metabolism, angiogenesis, metastasis, and immune response (124,
125). PI3K activity suppression can decrease PD-L1 expression and
heightened IFN-y mediated anti-tumor effects (126). A specific
inhibitor (IPI-549) that targets PI3K-y has the potential to
remodel the immune milieu within the tumor microenvironment
(TME) and facilitate CTL-mediated tumor regression (127). The T-
cell receptor (TCR) signaling pathway is vital in promoting the
development, homeostasis, proliferation, differentiation of T cells,
and the production of cytokines, thereby eliciting a robust anti-
tumor immune response (128). The tumor cell cycle, aging,
apoptosis, metabolism, and immune response are regulated by
P53, a well-studied tumor suppressor gene (129, 130). Multiple
plant components can inhibit the progression of colorectal cancer
cells by upregulating p53 to induce G2/M phase arrest and cell
apoptosis (131-133). The VEGF-VEGFR signaling pathway is
widely recognized as the most crucial pathway for inducing
angiogenesis. Inhibition of this cascade reaction has proven to be
effective in the treatment of tumors (134). Extensive research has
demonstrated that targeting the VEGF signaling pathway increases
tumor CD8"T cell invasion and activation, boosting T cell cytokine
output (135-137).

To explore the anticancer mechanism of BZD, we first
compared the expression differences of key genes (core genes in
PPI and related genes in KEGG enrichment pathway in network
pharmacology analysis) in mouse tumor tissues between the control
and BZD group through qRT-PCR experiments. The experimental
results showed that compared with the control group, the
expression of Pik3rl, Aktl, Myc, Egfr, Hifla, Vegfr, Jun, and
Stat3 genes in the tumor tissue of mice in the BZD group was
significantly reduced, and the Casp3 and Trp53 genes expression
was significantly increased; this is consistent with the predicted
results of network pharmacology. The results show that BZD can
suppress colorectal cancer growth by modulating the above
essential genes. Moreover, these key genes are closely related to
the tumor immune microenvironment, uniquely T cell immune
function. As a classic formula utilized in the “Fuzheng Guben”
treatment principle, the main effect of BZD is to supplement both qi
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and blood and enhance the body’s immune system. Considering
BZD’s main efficacy, qRT-PCR, and the T-cell receptor signal
pathway in KEGG enrichment analysis, we used flow cytometry
to detect T lymphocyte subsets in tumor-bearing mice’s spleens.
The results showed that compared to the control group, BZD
significantly increased the number of CD4" and CD8'T cells in
the spleen of tumor-bearing mice, promoted T cell activation, and
increased IFN-y level. Furthermore, BZD reduced the number of
PD-1"CD4" and PD-1"CD8" T cells. IEN-v is the main cytokine
that enhances the host’s anti-tumor immune function and is stably
produced during CD8" T cell differentiation into cytotoxic T
lymphocytes and memory cells in response to TCR stimulation.
Therefore, IFN-y elevated expression effectively indicates CDS8'T
cell activation and anti-tumor immune response. The lower PD-
1"CD4™T cells and PD-1"CD8"T cell populations showed a
decrease in depleted T cell proportion. We performed
immunohistochemistry labeling on the tumor tissues of two
groups of mice to determine T-cell infiltration and cancer cell
growth. The results showed that compared to the control group, the
infiltration of CD3", CD4", and CD8" T cells in the tumor tissue of
the BZD group increased while the Ki67 expression decreased.
Therefore, BZD can enhance the anti-colorectal cancer immune
function by increasing T cell infiltration in tumor tissue. These
immunological results are not only consistent with the tumor
volume and weight in mice, but also consistent with the potential
mechanisms of tumor inhibition by previous “Fu Zheng Gu Ben”
formula, Liu Jun Zi Decoction, and Bu Shen Hui Yang formula
(138, 139). Additionally, pathological results showed that BZD does
not cause any organ damage and is considered safe.

To our knowledge, this study is the first to explore the efficacy
and mechanism of BZD in the treatment of CRC. In this study, we
accomplished the following work: (1) The core components, key
targets, and signaling pathways of BZD in the treatment of CRC
were analyzed using network pharmacology. (2) This study
validated the good binding ability of core drug components to
key targets through molecular docking. (3) This study verified
through in vitro experiments that BZD inhibits the proliferation
and invasion of CRC cells in a time- and dose-dependent manner,
while promoting apoptosis of CRC cells. (4) This study verified
through animal experiments that BZD can significantly inhibit the
progression of CRC and has no organ toxicity. (5) Our experiments
demonstrated that BZD inhibit CRC by regulating the core targets
and signaling pathways in the tumor microenvironment. (6) BZD
promotes T cell infiltration and activation in the spleen and tumor
tissue of tumor bearing mice, inhibits PD-1 expression on the
surface of T cells, restores T cell killing ability, and enhances
immune function against colorectal cancer. However, it is
undeniable that there are still deficiencies in our experiment.
Although we have confirmed the anticancer effect of BZD on
CRC, its underlying substance basis is not yet clear. Furthermore,
the mechanism by which BZD inhibits CRC is not thorough
enough. Therefore, in future studies, we will further explore the
main active components and more detailed mechanisms of BZD in
inhibiting CRC.
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5 Conclusion

BZD treats CRC through multiple components, targets, and
metabolic pathways. Our research confirmed BZD’s anti-colorectal
cancer efficacy for the first time and studied its essential
components, core targets, and potential mechanism using
network pharmacology, molecular docking, and experiments.
BZD can reverse the abnormal expression of PI3K, AKT, MYC,
EGFR, HIF-1A, VEGFR, JUN, STAT3, CASP3, and TP53 genes in
the tumor microenvironment and inhibit the progression of
colorectal cancer by regulating the signaling pathways such as
PI3K-AKT, P53, and VEGF. In addition, BZD can promote
infiltration and activation of T cells in tumor-bearing mice,
suppress the expression of PD-1 on T cell surface, restore T cell
cytotoxicity, enhance anti-tumor immune response, and inhibit the
progression of colorectal cancer. Among them, quercetin,
kaempferol, licochalcone A, naringenin, and formaronetin are
more highly predictive components related to the T cell activation
in colorectal cancer mice. This study may offer new perspectives to
the treatment of colorectal cancer and provide new ideas for
exploring new anticancer drugs. However, the main active
ingredients and more detailed mechanisms of BZD inhibition on
CRC still need to be further explored in future studies.
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For colorectal cancer (CRC), surgical resection remains essential for achieving good
prognoses. Unfortunately, numerous patients with locally advanced CRC and
metastatic CRC failed to meet surgical indications or achieve pathological
complete response after surgery. Perioperative therapy has been proven to
effectively lower tumor staging and reduce recurrence and metastasis. Immune
checkpoint inhibitors (ICls) have shown unprecedented prolongation of survival time
and satisfactory safety in patients with high microsatellite instability/deficient
mismatch repair (MSI-H/dMMR), while the therapeutic effect obtained by patients
with mismatch repair-proficient or microsatellite stable (pMMR/MSS) was
considered minimal. However, recent studies found that certain CRC patients with
dMMR/MSI-H presented intrinsic or acquired immune resistance, and pMMR/MSS
CRC patients can also achieve better efficacy. Therefore, more predictors are
required for screening patients with potential clinical benefits. Since the discovery
of synergistic effects between immunotherapy, chemotherapy, and radiotherapy,
different immunotherapy-based therapies have been applied to the perioperative
therapy of CRC in an increasing number of research. This review comprehensively
summarized the past and current progress of different combinations of
immunotherapy in perioperative clinical trials for CRC, focusing on the efficacy
and safety, and points out the direction for future development.

KEYWORDS

colorectal cancer, perioperative therapy, immune checkpoint inhibition, microsatellite
instability-high, mismatch repair deficiency, mismatch repair proficiency,
microsatellite stable

1 Introduction

Colorectal cancer (CRC) is the third most common cancer and the leading cause of
cancer death worldwide (1-4). Due to the lack of early symptoms, 36% of patients were
diagnosed with locally advanced CRC (LACRC) (stage II (cT3-4, NO)/stage III (any cT, N
+)), and 22% presented with distant metastasis (5). The perioperative therapy (days before

193 frontiersin.org
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and after surgery) is of great significance in promoting tumor
downgrading and reducing the local recurrence and metastasis,
including neoadjuvant (preoperative) therapy and adjuvant
(postoperative) therapy (6-9). Given the compelling long-term
durable remission in metastatic CRC (mCRC), immune
checkpoint inhibitors (ICIs) have attracted great attention in the
perioperative therapy of CRC. DNA mismatch repair (MMR) and
Microsatellite instability (MSI) are considered important predictors
of sensitivity for immunotherapy-based strategies (10) DNA
mismatch repair (MMR) is an important pathway to maintain
genomic stability (10, 11). Microsatellites are highly polymorphic
repetitive DNA sequences in the human genome and MSI is defined
as genomic instability in cancer cells due to a deficiency in MMR
(AMMR) (10-12). MSI CRC accounts for 15% of all sporadic CRC,
which can be divided into MSI-high (MSI-H) and MSI-low (MSI-L)
according to the frequency of microsatellite marker instability (10,
11, 13). The remaining CRC is classified as microsatellite stable
(MSS), with proficiency in MMR (pMMR) (10, 11). IMMR/MSI-H
CRC is associated with a higher tumor mutation burden and
neoantigen load and more lymphocyte infiltration than pMMR/
MSS/MSI-L CRC (10, 11, 14).

dMMR/MSI-H CRC patients, whose sensitivity to ICIs is
significantly higher than that of patients with pMMR/MSS/MSI-L,
have derived notable pathological responses from neoadjuvant
immunotherapy (14-17). However, 40% -60% of MSI-H CRC are
inherently resistant to immunotherapy (14, 18) Therefore, the main
challenge is to provide more benefits of immunotherapy for the
majority of patients with pMMR, MSS, MSI-L, or insensitive MSI-H
CRC (19) Fortunately, it is discovered that there is a synergistic
effect between immunotherapy, chemotherapy, and radiotherapy
(20, 21). An increasing number of clinical trials have explored the
efficacy and safety of different immunotherapy-based therapies in
the perioperative period (6, 17). Therefore, this article
comprehensively reviewed previous achievements and the latest
progress of different immunotherapy combination therapies in the
perioperative period, which may provide new therapy strategies for
CRC patients to achieve better efficacy and safety, as well as the
mechanism of immunotherapy combination therapy and promising
predictors to identify the patients with potential benefits.

2 Overview of immunotherapy for
colorectal cancer

2.1 Current status of immunotherapy for
colorectal cancer

In 2015, after a phase 2 clinical trial first proved that MSI CRC
was a potential beneficiary, ICIs has been explored more extensively
in CRC (22). Thereafter the impressive efficacy and safety of
CheckMate-142 (23) and KEYNOTE-177 (16) in the treatment of
dMMR/MSI-H mCRC promoted the Food and Drug
Administration (FDA) ‘s approval of pembrolizumab, a
programmed cell death-1 (PD-1) inhibitor, as the first-line
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treatment for MSI-H advanced CRC. Recently, ipilimumab
combined with nivolumab, inhibitors of a cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) and PD-1, has also
been granted approval by the FDA for the treatment of dAMMR/
MSI-H mCRC (15, 24). The encouraging results motivated
researchers to investigate the application of immunotherapy in
the perioperative period of CRC. Recently, studies on
immunotherapy combined with chemoradiotherapy and targeted
drugs have been emerging. Additionally, various immunotherapy
strategies have been developed to change the situation of “cold
tumor” treatment, such as oncolytic virus (25, 26), cytokine therapy
(27), and chimeric antigen receptor T cell therapy (28, 29).

At present, the MMR/MSI system has become the most
important classification standard for CRC (30, 31). dAMMR/MSI-
H represents a good prognosis in early-stage CRC, while in
metastatic disease it seems to confer a poor prognosis (10).
Moreover, there is evidence showing that patients with dMMR/
MSI-H CRC can obtain high reactivity of ICIs therapy, but for a
majority of patients with pMMR or MSS, the clinical benefits from
ICIs are generally minimal (12, 14, 17, 18, 32-37). However, recent
studies have shown that certain CRC patients with MSI-H
presented intrinsic or acquired immune resistance, while the
patients with pMMR/MSS can also achieve a higher pathological
complete response (pCR) rate (38, 39). Therefore, the optimal
biomarkers for screening patients with potential clinical benefits
are needed (40).

2.2 Potential predictive indicators for
perioperative immunotherapy

Currently, an increased tumor mutation burden has been
observed in MSI-H CRC patients who benefit from
immunotherapy, as well as MSS CRC patients, which is
considered another effective biomarker (14, 19, 32). Moreover,
research has identified two distinct subtypes, MSI-H1 and MSI-
H2, each with different prognostic implications (41). Notably, the
MSI-H1 subgroup, enriched with M2 macrophages and
characterized by high PD-L2 expression, tends to indicate a lower
survival rate (41). Among dMMR CRCs, beta-2-microglobulin
mutations that result in complete beta-2-microglobulin loss are
associated with reduced recurrence and metastasis (19).

Assessing the extent of infiltration and co-expression of CD8"
and PD-1 of T cells in tumors may be warranted to predict the
overall survival rate and pCR rate of pMMR patients (38, 42).
Additionally, polymerase epsilon exonuclease domain mutations
(POLE EDM) (43-45), guanylate binding protein 2 expression (46),
and soluble PD-L1 level may also be promising indicators to
identify the pMMR patients with a favorable response to ICIs.
Furthermore, CMTM6 expression in M2 macrophages (47),
circulating L-arginine (48), the human gastrointestinal
microbiome (49), fibroblast growth factor receptor 1-3 deficiency
(50), and circulating tumor DNA (45, 51) may also play crucial roles
in monitoring immunotherapy efficacy.
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2.3 The mechanism of immunotherapy
combination therapy

2.3.1 Immunotherapy combinations

PD-1 and CTLA-4 are key immune checkpoints for T cells, PD-
1 and programmed death-ligand 1 (PD-L1) play a role by inhibiting
the proximal signaling of T cell antigen receptor, while CTLA-4
weakens costimulatory signals through the co-receptor CD28,
suppressing T cell activation (52, 53). Excessive activation or
expression of immune checkpoints in cancer may promote
malignant proliferation and metastasis (53). Therefore, PD-1-
CTLA-4 inhibitors may have a synergistic effect by
simultaneously inhibiting both pathways, achieving better
therapeutic effects than ICIs monotherapy. However, the effective
response to PD-1 blocking requires more tumor-infiltrating
lymphocytes in the tumor microenvironment, which also
indicates that pMMR tumors have limited efficacy owing to the
lack of tumor-infiltrating lymphocytes (54) (Figure 1).

2.3.2 Immunotherapy in combination with
chemotherapy or radiotherapy

The positive effects of standard chemotherapy on tumor
immunity are mainly reflected in inducing immunogenic cell
death and disrupting tumor escape strategies (21). Taxanes can
elevate the activity of toll-like receptors and promote the activation
of dendritic cells (21
reducing the inhibition of tumor-infiltrating T cells (55). Therefore,

). Cyclophosphamide can deplete Treg cells,

the immune enhancement effect of chemotherapy may have a
synergistic effect with immunotherapy. However, owing to its
non-targeted effect, excessive chemotherapy can also lead to the
depletion or dysfunction of immune cells (21).

Radiation induces tumor cell damage that releases a large
amount of damage-associated molecular patterns, increasing the

Immune suppression
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formation of tumor-infiltrating lymphocytes and memory response
(56
expression of PD-L1 in tumor cells, thereby exerting a synergistic
effect with ICIs (20). In the previous research, when CTLA-4
inhibitor was added to radiation, radiosensitizing anti-CTLA-4

). CD8'T cells release y-interferon that upregulates the

immunotherapy was observed in breast and CRC (20).

2.3.3 Tumor resection and immunotherapy

Compared with adjuvant therapy, neoadjuvant ICIs can induce
stronger and more extensive tumor-specific T cell responses, reduce
the incidence of toxicity, have better compliance, and may even
achieve clinical complete remission and avoid unnecessary surgery
(42). Although Jiahao Zhu et al. believed that surgery can cause a
decrease in tumor antigens, and damage to blood vessels and lymph
nodes in the surgical area, leading to reduced survival benefits of
adjuvant ICIs (33), effective adjuvant therapy may be necessary for
diminishing small residual lesions and preventing recurrence and
metastasis, especially for the patients that didn’t achieve pCR after
surgery (57).

3 Perioperative immune checkpoint
inhibition for colorectal cancer

3.1 ICls monotherapy

The initial case report showed that two dMMR locally advanced
rectal cancer (LARC) patients received PD-1 inhibitors (nivolumab)
monotherapy to avoid adverse events (AEs) of chemoradiotherapy,
which also enabled them to achieve pCR and clinical complete
remission, and the latter adopted the observation and waiting
(W&W) strategy without surgery (58). Moreover, the dMMR
LACRC patients who are not eligible for chemotherapy, receiving

Immune activation
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Immune status of patients with colorectal cancer. (A) The main way of immune suppression. CTLA-4 can competitively bind to CD80 or CD86 and
inhibit activation. PD-1 is a key checkpoint for T cells, interacting with abnormally upregulated PD-L1 on cancer cells and immune cells, leading to T
cell depletion and immune evasion. (B) The synergistic effect of chemoradiotherapy and immunotherapy. PD-1/PD-L1 and CTLA-4 checkpoint
inhibitors can inhibit the negative feedback regulation of cancer cells and restore the anticancer function of T cells. Chemotherapeutics can induce
immunogenic cell death and disrupt tumor escape strategies, increase the activity and quantity of toll-like receptors (TLR), promote DCs activation,
deplete Treg cells, and reduce inhibition of T cells. Radiation induces tumor cell damage, releases a large number of damage-associated molecular
patterns, and increases the formation and memory response of tumor-infiltrating lymphocytes.
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anti-PD-1 inhibitors (pembrolizumab) monotherapy can also get
PCR (59).

Further researches have also confirmed the value of ICIs in
neoadjuvant therapy for CRC (Table 1). In a prospective phase 2
study (NCT04165772) (64), 12 patients with LARC received
neoadjuvant PD-1 inhibitors (dostarlimab) monotherapy.
Surprisingly, all patients achieved clinical complete remission, and
no grade 3/4 AEs were reported. Moreover, Han, Kai, et al. (76)
observed a high incidence rate (27.6%) of dMMR in 268 T4bMO
CRC patients. The pCR rate of the neoadjuvant ICIs monotherapy
(pembrolizumab or nivolumab) group was significantly higher than
that of the chemoradiotherapy group (70.0% vs. 0%). Compared
with neoadjuvant chemotherapy and chemoradiotherapy, it
significantly reduced the incidence of open surgery and had better
disease-free survival and relatively longer overall survival. These
results are also consistent with other researches (71, 72, 77, 78).
Other neoadjuvant PD-1 inhibitors (toripalimab (45), sintilimab
(73)) monotherapy may also have similar efficacy. A multicenter
phase II study (NCT05662527) will further evaluate the efficacy and
safety of neoadjuvant pembrolizumab in patients with stage I-III
dMMR colon cancer (79).

Therefore, neoadjuvant monotherapy based on ICIs can
significantly improve the pCR rate and avoid unnecessary
surgeries, especially for those are ineligible for chemotherapy,
which may translate into long-term survival benefits for dAMMR
LACRC, with acceptable safety and a low recurrence rate (64, 76).
However, there is still a large proportion of patients who failed to
achieve pCR after surgery. Effective adjuvant therapy may be
necessary to reduce micro-diseases and prevent recurrence and
metastasis (57). While there are limited researches on adjuvant ICIs
monotherapy. Lynch syndrome is a common form of familial CRC
associated with alterations in four DNA MMR genes (80). A case
report shows that a Lynch syndrome patient with peritoneal
metastasis received nivolumab as adjuvant therapy, achieving
pCR, and no recurrence was observed during a 9-month follow-
up (81). A retrospective study (75) suggests that dMMR/MSI-H
LACRC patients who have received neoadjuvant immunotherapy
can further improve their pCR rate to 75.9% by combining adjuvant
anti-PD-1 treatment based on their postoperative efficacy. These
researches indicated that adjuvant ICIs monotherapy can be a
promising option for mCRC and LACRC. To further determine
this advantage, a phase III clinical trial (NCT03803553) will
evaluate the efficacy of adjuvant PD-I inhibitor (nivolumab)
versus standard adjuvant chemotherapy in MSI-H CRC
patients (75).

3.2 Immunotherapy doublet therapy

3.2.1 Immunotherapy combinations

In the NICHE study (NCT03026140) (35), early-stage dMMR
colon cancer patients receiving neoadjuvant CTLA-4 inhibitor
(ipilimumab) and PD-linhibitor (nivolumab) gained better
pathological responses (5). The NICHE 2 study further expanded
the sample size, with a pCR rate of 67% (72/112) and 5 patients
experiencing 3/4 grade AEs (37). However, this combination did

Frontiers in Immunology

10.3389/fimmu.2023.1269341

not indicate significant improvement in pMMR patients (35).
Similarly, compared to perioperative chemotherapy (82),
combining anti-CTLA-4 (tremelimumab) and anti-PD-L1
(durvalumab) did not significantly prolong median relapse-free
survival (9.7 months) and overall survival (24.5 months) in
PMMR CRC patients with liver metastasis (36). Numerous
studies have confirmed the efficacy and safety of immunotherapy
combinations, which has promoted the NCCN guidelines (v2.2022)
to recommend nivolumab + ipilimumab or pembrolizumab as
neoadjuvant treatment options for resectable dMMR/MSI-H
mCRC (35, 83). But current immunotherapy combinations did
not improve the efficacy of pMMR patients with early-stage CRC or
mCRC significantly. Nonetheless, the safety of immunotherapy
combinations has been confirmed for pMMR CRC (36, 83).

3.2.2 Chemotherapy and
immunotherapy combination

Recently, two studies on immunotherapy combined with
chemotherapy are underway, which will address the issue of
whether the synergistic effect can also appear in perioperative
therapy of LACRC. ATOMIC study (NCT02912559) (84) is
exploring the efficacy of PD-L1 inhibitors (atezolizumab)
combined with chemotherapy versus adjuvant chemotherapy in
dMMR stage IIT CRC, with the primary endpoint being disease-free
survival. Although the POLE EDM indicates a better response of
CRC to immunotherapy plus chemotherapy, there seems to be no
similar improvement in advanced CRC (43, 85). Therefore, the
POLEM trial (NCT03827044) (85) aims to investigate whether
adjuvant chemotherapy combined with PD-L1 inhibitor
(avelumab) can improve disease-free survival in stage III dMMR/
MSI-H/POLE EDM colon cancer patients.

3.2.3 Radiotherapy and
immunotherapy combination

The potential synergistic effect of immunotherapy and
radiotherapy has prompted extensive research to validate its
efficacy in various cancers (86-89). Not limited to dIMMR-mCRC,
it was reported that local radiotherapy combined with PD-1
inhibitor (sintilimab) (90) or PD-L1 inhibitor (tislelizumab) (91)
can overcome the immune resistance of pMMR mCRC. Several
researches are ongoing to investigate whether the synergistic effect
appears in LARC. Li et al. are conducting a multicenter Ib phase
study to investigate the safety and efficacy of PD-1 inhibitor
(sintilimab) combined with radiotherapy for MSI-H/dMMR rectal
cancer (92). Another Phase II study will evaluate whether
neoadjuvant anti-PD-1therapy (pembrolizumab) and
radiotherapy can improve the safety and efficacy of LARC
patients (93).

3.2.4 Chemoradiotherapy and
immunotherapy combination

Although two researches applying PD-1 inhibitors (nivolumab
(74) and pembrolizumab (65), respectively) combined with
chemotherapy showed no significant improvement in pCR rate,
another study on 980 LARC patients suggested that the pCR rate of
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TABLE 1 Clinical trials involving perioperative immunotherapy in CRC.

i MPR TRAEs >grade 3 RO resection
Identifier Treatment 5 5 5 References
(case, %)  (case, %) (case, %)
LARC NCT04911517 | 2 Neoadjuvant =~ CRT + concurrent Tislelizumab 50 (13, 50) (21, 80.7) 2,7.7) (27, 100) 2021/6- (39)
2024/12
LARC NCT04518280 = NA Neoadjuvant SCRT— CAPOX + Toripalimab: 65 130 NA NA NA NA 2021/5-
CAPOX + Toripalimab— SCRT— 2023/12 (60)
CAPOX + Toripalimab:65
LARC NCT05176964 2 Neoadjuvant SCRT— CAPOX + Tislelizumab 50 NA NA NA NA 2021/12- (61)
2024/12
LARC (Stage NCT03854799 | 2 Neoadjuvant |~ CRT with Avelumab— TME MSI-H:1, (22, 23) (59, 61.5) (12, 12) NA 2019/8-
11-111) MSS:38, 2023/12 62)
Unkown:
62
dMMR/ NCT03026140 | 2 Neoadjuvant  Ipilimumab— Nivolumab dMMR:32 dMMR: (22, | dMMR: (31, (7, 12) (35, 100) 2017/3-
pPMMR CC PMMR:30 68.8) 96.9) 2024/12 5)
PMMR: (3, PMMR: (7,
10) 23.3)
dMMR/MSI- NCT03026140 2 Neoadjuvant Ipilimumab— Nivolumab 112 (72, 67) (102, 95) (5, 4) NA 2017/3- G7)
H CC 2024/12
LARC NCT05420584 = 2 Neoadjuvant = chemotherapy— Tislelizumab 30 NA NA NA NA 2022/11- (63)
2024/12
dMMR/MSI- NCT03926338 2 Neoadjuvant = Toripalimab: 17 34 (15, 88) NA (1, 3) (34, 100) 2019/5- a7
H CRC Toripalimab + Celecoxib: 17 (11, 65) 2024/5
dMMR RC NCT04165772 2 Neoadjuvant dostarlimab— CRT 16 (12, 100) NA 0 NA 2019/12- (64)
2025/11
dMMR/ NA NA Neoadjuvant =~ Tremelimumab + Durvalumab— pMMR:21 dMMR: (2, dMMR: (2, (5, 22) (17, 74) 2016/11-
PMMR CRC Durvalumab dMMR:2 100) 100) 2019/11 36)
PMMR: (2, PMMR: (5,
9) 22)
LARC NCT02921256 | 2 Neoadjuvant PA: FOLFOX + NCRT + 185 PA: (22, NA PA: (33, 48.2) PA: (65, 94) 2016/10-
Pembrolizumab: 90 31.9) CA:(25, 37.3) CA: (61, 89.4) 2023/3 65)
CA: FOLFOX +: 95 CA: (20,
29.4)
MSS/MSI-H NCT04231552 | 2 Neoadjuvant =~ SCRT— CapeOX + Camrelizumab— dMMR: 1 dMMR: (1, NA (8,26.7) (27, 100) 2019/11-
LARC Surgery pMMR: 28 | 100) 2022/9 (50)
Unknown: pPMMR: (12,
1 46.2)
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TABLE 1 Continued

i : MPR TRAEs >grade 3 RO resection
Identifier Period Treatment 9 o_g 9 References
(case, %)  (case, %) (case, %)
LARC NA 3 Neoadjuvant | SCRT— chemotherapy + 980 (18, 49.2) NA (26, 26.6) (1, 1.6) 2015/1-
Camrelizumab:37 (13, 21.6) (0,0) 2021/12 (66)
SCRT— chemotherapy: 61
LARC (Stage NCT04083365 @ 2 Neoadjuvant =~ CRT +Durvalumab— Surgery 60 (19, 34.5) NA (4, 7.3) NA 2019/11-
(67)
I1-111) 2021/8
LARC NCT03503630 2 Neoadjuvant SCRT—FOLFOX6 + Avelumab— TME 44 (15, 37.5) (27, 67.5) (31, 70.5) NA 2018/7- (68)
2024/6
dMMR LARC = NCT04340401 | 2 Neoadjuvant = CapeOX + Camrelizumab— 27 (7, 33.3) (7, 33.3) Lymphopenia: 24 NA 2020/5-
Radiotherapy— CapeOX— Surgery Diarrhea: 8 2022/8 (69)
Thrombocytopenia:4
CRC NA NA Neoadjuvant PD-1:26dMMR 94 dMMR: (15, (17, 65.4) (35,37.2) (94, 100) 2017/1-
CapeOx + PD-1 + SCRT/LCRT: 57.7) (40, 58.8) 2021/10 70)
68pMMR PMMR: (24,
35.3)
LARC NA NA Neoadjuvant ~ PD-1 inhibitors or cytotoxic 73 (22, 59.5) (23,62.2) (8, 11.0) (38, 100) 2017/10-
(71)
chemotherapy 2021/12
dMMR/ NA NA Neoadjuvant | Sintilimab 11 (10, 90.9) (11, 100) 0 NA 2020/6-
MSI-H 2022/6 (72)
LACRC
dMMR LARC NCT04304209 @ 2 Neoadjuvant Sintilimab 17 pCR:(3, (12, 75) (1, 16) NA 2016/10-
17.6) 2022/6
73
cCR: (9, (73)
52.9)
MSS/MSI-H NCT02948348 | 1/2 perioperative | CRT + Nivolumab— surgery— MSS:37, MSS: (11, NA MSS: (4, 10.3) NA 2017/1-
LARC FOLFOX or XELOX MSI-H5 30) MSH:0 2020/12 74)
MSI-H: (3,
60)
dMMR/ NA NA perioperative | neoadjuvant PD-1 inhibitor: 32 32 (22, 75.9) NA 0 (29, 100) 2019/6- 75)
MSI-H CRCs perioperative PD-1 inhibitor: 22 2021/6

NA, not available; CRC, colorectal cancer; CC, colon cancer; CRT, chemoradiotherapy; pCR, pathologic complete response; MPR, major pathological response rate; cCR, clinical complete remission; TEAEs, Treatment-emergent Adverse Events; OS, Overall Survival;
LARG, locally advanced rectal cancer; MSI-H/dMMR, high microsatellite instability/deficient mismatch repair; pMMR, mismatch repair-proficient; MSS, microsatellite stable; TME, total mesorectal excision.
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the SCRT with immunotherapy (PD-1 inhibitor camrelizumab)
group was higher than that of the non-immunotherapy group
(49.2% vs 21.6%) (66). The significant differences in this large-
scale study manifested the effectiveness and safety of combined
immunotherapy. In a phase II trial (NCT04231552) (50), patients
with advanced rectal cancer received CAPOX combined with PD-1
inhibitor (camrelizumab) after SCRT and reached a higher pCR rate
of 46.2% than that of the combination of PD-L1 inhibitor
(avelumab) and mFOLFOX6 after SCRT (37.5%) (68). While it is
worth noting that the mid-term results of a phase II trial
(NCT04911517) (39) showed that in pMMR LARC patients, the
combination of LCRT and PD-1 inhibitor (tislelizumab) also
achieved a high pCR rate (50.0%). Therefore, despite the shorter
radiotherapy time, SCRT may achieve similar efficacy as LCRT,
combined with immunotherapy.

Considering that LCRT may increase toxicity and reduce
tolerance of patients compared with SCRT, it remains necessary
to determine the optimal combination of LARC neoadjuvant
therapy. TORCH (NCT04518280) (60) explored the combination
of SCRT and PD-1 inhibitor (toripalimab) for the neoadjuvant
therapy of LARC. And the preliminary efficacy showed that the pCR
rate and CR rate were as high as 56.2% (18/32) and 58.1% (36/62),
respectively. This result suggests that SCRT combined with
immunotherapy may be more advantageous. Moreover, the
REGINA study (NCT04503694) (94) will investigate the efficacy
of the combination of PD-1 inhibitor (Nivolumab) and
chemotherapy with SCRT, while the PRIME-PR study
(NCT04621370) (95) will directly compare the differences in
efficacy between LCRT and SCRT in neoadjuvant immunotherapy
combined with TNT.

Currently, neoadjuvant chemoradiotherapy followed by total
mesorectal excision is considered the optimal treatment for LARC
(74). However, recent results have shown that compared to
neoadjuvant chemoradiotherapy alone (10.5%-38.0%), long-term
radiation therapy (LCRT) or short-term radiation therapy (SCRT)
combined with immunotherapy can significantly improve the pCR
rate (37.5%-50.0%) of LARC patients without increasing the risk of
AEs (96, 97). Moreover, the determination of radiotherapy
strategies may further improve the safety of combination therapy.

3.2.5 Targeted therapy and
immunotherapy combination

Since cyclooxygenase-2 may mediate immune escape and
inflammatory response (98), applying cyclooxygenase-2 inhibitors
may elevate the responsiveness of cancer cells to ICIs. To further
demonstrate its synergistic effect, a phase II trial (NCT03926338)
(17) discovered that PD-1 inhibitor (toripalimab) (99) combined
with cyclooxygenase-2 inhibitors (celecoxib) can achieve a higher
pCR rate in dAMMR/MSI-H LACRC, compared with anti-PD-1
monotherapy (15 (88%) vs 11 (65%)). Only 1 case (3%) of grade 3/4
treatment-related AEs was observed. However, in the NICHE study
(NCT03026140) (35), pMMR CRC patients who received
neoadjuvant CTLA-4 inhibitor (ipilimumab) combined with PD-1
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inhibitor (nivolumab) and celecoxib showed no significant
improvement. Therefore, the synergistic effect of targeted therapy
and immunotherapy seems to be more evident in dAMMR/MSI-H
LACRC, while the improvement in the efficacy of pMMR CRC
is limited.

4 Conclusion

Recent studies have shown that compared with chemotherapy
or chemoradiotherapy, perioperative immunotherapy-based
therapies can significantly improve the pCR rate of dMMR/MSI-
H CRC, without increasing AEs or postoperative complications.
Meanwhile, the combination strategies are also expected to further
improve the efficacy of pMMR patients, especially immunotherapy
combined with chemoradiotherapy or radiotherapy. However,
recent studies on immunotherapy combinations and the
combination of targeted treatment and ICIs seem to have failed
to achieve better results in pMMR/MSS CRC. Many promising
immunotherapy-based therapies still require expanding sample size
and follow-up results. Furthermore, mature biomarkers for
identifying CRC patients with therapeutic responses are required.
Additionally, limited toxicity of immunotherapy may be related to
low doses and shorter treatment duration, while the higher pCR rate
may be associated with more treatment cycles and longer treatment
intervals (17, 35, 42). Therefore, further research is expected to
determine the optimal therapeutic combination, treatment cycle,
and dosage for different populations to coordinate the relationship
between efficacy and safety (100). In addition, there are many
ongoing but not yet reported studies on perioperative
immunotherapy for CRC, as shown in Supplementary Table 1.
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